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Abstract  
  
The   ecology   and   evolution   of   pathogens   are   key   factors   in   predicting   the  
severity  and  spread  of  disease,  as  well  as  treatment  outcomes.  However,  the  
effects  of  multiple   trophic   levels   that   include  host,  microbial  competitors  and  
viruses  are  typically  overlooked.  In  this  thesis  I  develop  our  understanding  of  
bacteria-­phage   coevolution,   microbial   dispersal   and   the   role   of   the  
microbiome   in   disease.   The   results   of   these   experiments   have   direct  
implications   for   phage   therapy:   the   use   of   bacteriophages   to   treat   bacterial  
infections.  Firstly,   I  explore  the  risks  of  phage  application   in  the  environment  
and   draw   parallels   with   the   misuse   of   antibiotics   in   selecting   for   bacterial  
resistance.  I  then  demonstrate  that  the  evolution  of  resistance  to  phages  in  a  
plant  pathogenic  bacterium  is  context-­dependent.  Notably,  I  find  a  fitness  cost  
in  plant   infections   that   is  absent  when  the  bacteria  are  cultured  solely   in   the  
laboratory.  I  then  characterize  four  novel  phages  and  use  a  simple  laboratory  
based   assay   to   predict   their   potential   as   phage   therapy   agents   in   an  
agricultural   context.   Next   I   show   that   reservoir   species   of   plant   hosts   can  
affect  the  evolution  of  virulence,  when  bacteria  are  passaged  on  both  a  focal  
and  distant  host,  but  find  no  evidence  of  local  adaptation.  I  also  show  that  the  
evolution  of  such   traits  can  occur   in  a  parallel  manner  at   the  genetic   level.   I  
then   determine   a   compositional   shift   in   the   microbiota   associated   with   the  
symptoms   of   bleeding   canker   disease   in   Horse   Chestnut   trees   across   the  
length   of   the   UK.   Finally,   I   find   an   age-­related   decline   in   bacterial   species  
richness  and  evidence   for  niche-­assembly   theories  by   investigating  bacterial  
dispersal  in  UK  Oak  trees  in  a  single  woodland.    
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Chapter  1:  Introduction  
Pathogens  exist  as  part  of  complex  communities,  subject  to  a  range  of  biotic  
and   abiotic   selection   pressures.   However,   most   research   on   microbial  
pathogens   has   focused   specifically   on   the   interaction   with   the   host   (i.e.   a  
pairwise  interaction).  Conversely,  the  study  of  microbial  ecology  has  typically  
focused   on   categorizing   the   diversity   observed   in   natural   environments  
without  much  emphasis  on  biotic   interactions.  As  such,  we  know   little  about  
the   interactions   of   microbes   across   multiple   trophic   levels,   including   host,  
pathogen  and  the  microbiome.  This  lack  of  attention  is  significant  because  our  
understanding   of   these   processes   will   directly   affect   our   ability   to   counter  
pathogenic  microbes:  a  major  challenge  to  society  as  antimicrobial  resistance  
increases.  In  order  to  address  this  knowledge  gap,  my  dissertation  work  has  
focused   on   developing   and   using   a  microbial   system   to   test   ecological   and  
evolutionary   theory   across   trophic   levels.   The   system   itself   is   comprised   of  
three  key  players:   the  plant  host,  a  plant  pathogenic  bacterium  and   the  viral  
parasites   that   infect   the   bacterium-­   bacteriophages.   My   work   combines  
experimental   biology   and   field-­based   datasets   with   traditional   microbiology  
and  genomic  approaches  to  address  these  questions.    
  
Despite   a   lack   of   empirical   studies   on   the   links   among   trophic   levels   in  
microbes,  a  body  of  theory  has  been  developed  for  such  interactions  within  a  
macroecological   framework,   and  much   of   this   work   is   directly   applicable   to  
bacteria.   For   example,   Duffy   et   al.   (Duffy   et   al.,   2007)   define   four   key  
	   12	  
characteristics   that   are   required   to   explain   biodiversity:   1)   consumer  
generalism,   such   that   consumers   may   differ   in   the   degree   to   which   they  
overlap  in  resource  consumption;;  2)  trade-­offs  between  competitive  ability  and  
predation  resistance,  for  example  selection  for  a  defensive  trait  may  be  costly  
in   another   trait;;   3)   intraguild   predation,   where   an   organism   is   consuming  
resources  both  horizontally  and  vertically  in  a  food  web;;  and  4)  migration,  an  
organisms  ability  to  disperse  between  environments.  In  each  case,  there  are  
many   analogous   studies   in   microbiology.   For   example,   in   bacteria-­phage  
interactions,   variation   in   host   range   has   been  well   documented   and   can   be  
considered   analogous   to   consumer   generalism   (Hyman   and   Abedon,   2010;;  
Baltrus  et  al.,  2011).  The  study  of  trade-­offs  has  also  been  well  documented  in  
the  field  of  experimental  evolution,  typically  focusing  on  the  trade-­off  between  
bacterial  resistance  to  phages  and/or  protists  and  competitive  fitness  (Jessup  
and  Bohannan,  2008;;  Friman  and  Buckling,  2013).  Such  trade-­offs  are  central  
to   the   maintenance   of   diversity,   for   example,   within-­population   variation   in  
host  specificity  can  arise  as  a  result  of  coevolution  (Poullain  et  al.,  2008)  and  
associated   costs   of   generalism  have   been   observed   in   bacteria   (Hall  et   al.,  
2011).   Perhaps   less   well   studied   are   the   effects   of   intraguild   predation   on  
microbial  communities,  as  direct  observation  is  difficult  and  teasing  apart  the  
effects  of  this  phenomenon  from  competitive  exclusion  is  problematic  (but  see  
(Stolp   and   Starr,   1963;;   Berleman   and   Kirby,   2009).   Competition   within   a  
trophic   level   may   also   impact   pathogenicity,   with   higher   microbial   diversity  
preventing   pathogen   invasion   (Horwitz   et   al.,   2015).   Finally,   the   effect   of  
migration,   or   dispersal,   has   been   studied   in   microbes,   but   there   remains  
debate  about  whether  microbes   follow  an   island  biogeographic  pattern,  or  a  
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cosmopolitan   distribution   as   a   result   of   unlimited   dispersal   (Ramette   and  
Tiedje,   2007;;  Ofiteru  et   al.,   2010;;  Caporaso  et   al.,   2012).  As   such,   a  better  
understanding   of   the   described   ecological   processes   is   required   in   order   to  
predict  the  spread  of  disease  at  a  variety  of  scales  (Aylor,  2003)  
  
At   present,   around   50,000   deaths   per   year   are   attributable   to   antibiotic  
resistance  in  Europe  and  the  US,  with  a  predicted  economic  cost  of  100  trillion  
USD   by   2050   (UK   Review   on   Antimicrobial   Resistance,   2014).   A   fuller  
understanding  of  the  ecology  and  evolution  of  bacterial  pathogens  is  therefore  
required  given  that  many  new  antimicrobial  therapies  are  more  complex  than  
‘silver   bullet’   antibiotics.  Knowledge   of  microbial   ecology   is   crucial   to   inform  
novel   treatment   approaches   including   Hamiltonian   medicine   (Foster,   2005),  
fecal   transplants   (Lemon   et   al.,   2012)   and   phage   therapy   (Levin   and   Bull,  
2004).   In   this   thesis   I   develop   on   the   above   themes   and   aim   to   link   the  
ecology   of   microbes   to   the   evolution   of   pathogenicity   in   plant-­infecting  
bacteria.  Specifically:  
  
Chapter   2:  Despite   early   success   in   using  bacteriophages   to   treat  microbial  
infections   interest   in   phage   therapy   was   only   renewed   once   antibiotic  
resistance  had  become  widespread.  One  of  the  reasons  antibiotic  resistance  
has  become  so  widespread  is  the  consistent  mismanagement  of  antibiotics  in  
agriculture.   In   this   literature   review  we   question   whether   the   widespread  
use  of  phages  could  mirror  some  of  the  problems  caused  by  antibiotic  
misuse.   Specifically,   we   assess   the   risks   of   phage   therapy,   discuss  
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implications   of   the   evolution   of   phage   resistance,   virulence,   lateral   gene  
transfer  and  the  impact  on  natural  communities.    
  
Chapter   3:   By   selecting   for   resistance   to   a   number   of   phages   in  
Pseudomonas  syringae  pv.   tomato,   I  was  able  to  assess  whether  resistance  
results   in   an   evolutionary   trade-­off.   We   measure   this   trade-­off   via   infection  
assays   and   quantification   of   bacterial   densities.   In   parallel,   we   conduct   the  
experiment   in  vitro  and  crucially  find   that   the  observed  cost  of   resistance  
is  context  dependent.  We  then  use  whole  genome  sequencing  to  identify  the  
mutations  associated  with   the  resistant  phenotypes.  This  work  highlights   the  
fact   that   the   reporting   of   trade-­offs  may   be   underreported   if   studies   rely   on  
assays  in  artificial,  laboratory  environments  only.    
  
Chapter   4:   In   this   chapter   I   characterize   4   novel   phages   that   demonstrate  
substantial   in  vitro   lytic  activity  against   the  agricultural  pathogen,  Pst.  Whole  
genome   screening   of   the   phages   does   not   identify   virulence   factors   or  
antibiotic  resistance  genes  that  would  preclude  their  use  for  phage  therapy.  I  
use   a   simple,   widely-­used,   in   vitro   pipeline   for   estimating   the   success   of  
phage   therapy   in   vivo,   using   tomato   plant   infection   assays.   We   find   a  
significant   correlation   between   in   vitro   and   in   vivo   phage-­mediated  
reductions   in  bacterial  densities,  suggesting  the  assay  is  a  good  predictor  
of  treatment  success.  
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Chapter  5:  Building  on  this  in  vitro  and  in  vivo  work,  I  then  used  experimental  
evolution   to   test  how   the  plant  pathogen  Pseudomonas  syringae  pv.   tomato  
adapts   to   a   plant   host   relative   to   nutrient   rich   media.   We   compare   growth  
across  two  species  of  plant,  Tomato  and  Arabidopsis,  to  assess  how  bacterial  
pathogens   adapt   to   focal   and   distant   hosts.  We   find   a   shift   in   virulence  
dynamics   depending   on   the   plant   host   in   which   the   bacterium   is  
evolving,   as  quantified  by  bacterial   densities,  but  no  evidence  of   local  
adaptation   to   particular   plant   hosts.   Whole   genome   sequencing   finds  
evidence  of  parallel  evolution  at  the  genetic   level  between  the   in  vitro  and   in  
vivo  treatments,  but  not  between  the  two  plant  species.  Finally,  we  identify  a  
number  of  candidates  for  the  observed  shift  in  pathogenicity.    
  
Chapter  6:  The  UK  horse  chestnut  tree,  Aesculus  hippocastanum,  population  
is   experiencing   an   epidemic   of   bleeding   canker   disease,   caused   by  
Pseudomonas  syringae.  Whilst  the  role  of  the  microbiome  in  preventing  plant  
disease   has   been   well   studied   in   model   systems   such   as   Arabidopsis  
thaliana,  much   less   in   known  about   non-­model   organisms.  We  performed  a  
survey   of   horse   chestnut   trees   across   Great   Britain   in   order   to   census   the  
bark-­associated  microbiota  using  amplicon  sequencing  (16S  rRNA).  We  find  
a  reduction   in  alpha  diversity,  or  species  richness,  and  changes   in   the  
composition  as  measured  by  beta-­diversity  indices  between  healthy  and  
diseased   tissues.   Importantly,   this   result   is   consistent   when   we   use   a  
subsample   of   just   those   trees   that   had   both   healthy   and   diseased   tissue  
samples   taken.   We   also   correlate   a   reduction   in   diversity   with   increasing  
symptom   severity,   but   only   in   healthy   plant   tissues.   Taken   together,   our  
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results  provide  the  first  data  that  tree  disease  symptoms  are  associated  with  
shifts  in  the  bacterial  diversity  and  composition.    
  
Chapter   7:   Another   tree   disease   threatening   UK   woodlands   is   acute   oak  
decline,  caused  by  members  of  the  bacterial  clade  Brenneria.  Following  from  
the   previous   study  we   collected   samples   from  oak   trees   in  Wytham  Woods  
and  combined  our  16S  sequence  data  with  a  long-­term  monitoring  project  that  
frequently   censuses   the   study   site.   Reassuringly,  we   did   not   identify   any  
Brenneria  sequences  in  our  samples,  but  did  find  a  significant  decrease  
in  diversity  as  trees  age.  This  age-­related  decline  is  contrary  to  expectations  
under   a   neutral   (or   island   biogeography)   model   of   dispersal,   as   one   might  
predict   that   older   trees   will   have   had   more   opportunities   for   colonization  
events.   The  observed  pattern   is   consistent  with   niche-­assembly   hypotheses  
that  state  that  everything  is  everywhere,  but  it  is  the  environment  that  selects  
the  associated   taxa.  We  confirm  this  result  by  comparing   the  composition  of  
each  community   to   the  geographic  distance  between  samples.  Whilst  we  do  
find   a   correlation,   this   is   only   apparent   when   abundance   is   ignored,  
suggesting   that   the  ability   to   reach  a  new  host   is   somewhat   constrained  by  
distance,  but  the  ability  to  thrive  on  that  host  is  not.      
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Chapter  2:  Exploring  the  risks  of  phage  application  in  the  environment  
  
Abstract  
Interest  in  using  bacteriophages  to  control  the  growth  and  spread  of  bacterial  
pathogens   is   being   revived   in   the  wake   of  widespread   antibiotic   resistance.  
However,   little  is  known  about  the  ecological  effects  that  high  concentrations  
of   phages   in   the  environment  might   have  on  natural  microbial   communities.  
We   review   the   current   evidence   suggesting   phage-­mediated   environmental  
perturbation,  with  a  focus  on  agricultural  examples,  and  describe  the  potential  
implications   for   human   health   and   agriculture.   Specifically,   we   examine   the  
known  and  potential  consequences  of  phage  application  in  certain  agricultural  
practices,   discuss   the   risks   of   evolved   bacterial   resistance   to   phages,   and  
question   whether   the   future   of   phage   therapy   will   emulate   that   of   antibiotic  
treatment  in  terms  of  widespread  resistance.  Finally,  we  propose  some  basic  
precautions   that   could   preclude   such   phenomena   and   highlight   existing  
methods  for  tracking  bacterial  resistance  to  phage  therapeutic  agents.      
  
Introduction  
The  selection  for  and  subsequent  evolution  of  antibiotic  resistance  in  bacterial  
populations,   both   in   the   wider   environment   and   during   clinical   treatment,  
presents   a   serious   challenge   to   human   health   (Kåhrström,   2013).   Although  
still  controversial,  it  is  increasingly  clear  that  agricultural  use  of  antibiotics  has  
played   a   role   in   the   continued   selection   for   resistance   genes   and   that   the  
movement  of  these  genes  into  pathogens  of  clinical  relevance  is  possible  (see  
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(Smith   et   al.,   2009;;   van   Cleef   et   al.,   2010;;   Heuer   et   al.,   2011;;   Zhu   et   al.,  
2013).  Nosocomial  environments  also  act  as  significant  sources  of  antibiotic  
resistance  and  the  transfer  of  antibiotic  resistance  genes  into  the  agricultural  
environment   has   recently   been   demonstrated,   suggesting   the   genetic  
exchange  between  environments  works  both  ways   (Price  et  al.,  2012).  As  a  
result,  alternative  antimicrobial  strategies  are  being  sought.  One  such  strategy  
is   to   utilize   naturally   occurring   viral   predators   of   bacteria:   bacteriophages  
(phages).   Lytic   phages   are   capable   of   killing   bacteria   by   invading   and  
propagating  within   the  host   cell   and   then   lysing  open   the  cell   to   “burst”  out,  
thus   killing   the   bacteria.   This   is   in   contrast   to   temperate   phages,   which  
integrate   into   the   genome   of   their   hosts   and   can   be   transmitted   vertically,  
serving  as  a  refuge   for  phages   in  harsh  environments  (Svircev  et  al.,  2011).  
The   latter,   although   important   to   the   ecology   and   evolution   of   bacterial  
populations,  are  not  commonly  considered  for  use  as  biocontrol  and  therefore  
will  not  be  covered  further  in  this  review  (but  see  (Hyman  and  Abedon,  2010),  
for   review  of   the   effects   of   lysogeny   on   bacterial   resistance).  Despite   being  
discovered   as   potential   therapeutic   agents   over   80   years   ago   (D’Herelle,  
1929),  and  their  continual  use  in  Russia  and  Georgia  ever  since  (Kutter  et  al.,  
2010),  few  clinical  trials  of  so-­called  ‘phage  therapy’  have  been  conducted  in  
Western  medicine   (Wright  et  al.,   2009;;  Sarker  et  al.,   2012).  Accordingly,  no  
clinical   phage   therapy   products   are   currently   available   in   the   West,   and  
regulatory  burdens  may  have  dampened  pharmaceutical  interest,  as  years  of  
research  and  clinical  trials  can  cost  millions  of  euros,  presenting  a  formidable  
hurdle  (Pirnay  et  al.,  2011;;  Brüssow,  2012).    
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A   more   viable   route   to   market   has   been   provided   by   use   of   phages   in  
agriculture  and  aquaculture   (Jones  et   al.,   2012;;  Martínez-­Díaz  and  Hipólito-­
Morales,  2013).  Recent  review  suggests  that  although  phage  therapy  will  not  
be   the   panacea   that   broad-­spectrum   antibiotics   once   were,   phages   could  
nonetheless  play  an  important  role  in  treating  infections  and  maintaining  food  
yields   (Allen   et   al.,   2013).   Indeed,   phage   usage   in   agriculture   has   shown  
promise   for   treating  numerous  plant  pathogens   (Frampton  et  al.,  2012),  and  
some   formulations   of   phages   have   been   sold   for   large-­scale   environmental  
application   (e.g.,   AgriPhage™,   Omnilytics).   Likewise,   the   Food   and   Drug  
Administration   in   the  USA  has  approved  a  product   for   the   treatment  of   food  
products   prior   to   market   (Listshield™,   Intralytix)   and   classed   the   use   of  
phages  in  this  specific  context  as  ‘generally  recognized  as  safe’  (FDA  ,2013).  
Another   fruitful   avenue   for   phage   therapy   may   be   aquaculture,   an   industry  
that  has  increased  globally  by  over  ten-­fold  in  the  last  30  years  (FAO,  2012).  
Microbial   diseases   represent   a   severe   threat   to   aquaculture   productivity;;  
accordingly,   phages   capable   of   lysing   pathogens   such   as   Flavobacterium  
psychrophilum,   the   causative   agent   of   bacterial   cold-­water   disease,   have  
been  isolated  and  tested  as  therapeutic  agents  (Kim  et  al.,  2010).  Combined,  
the   scope   for   phage   therapy   to   fill   food   production   and   clinical   niches   left  
vacant   by   redundant   antibiotics   seems  vast.  However,  whilst   phage   therapy  
as  a  biopesticide  could  prove  a  useful  tool,  it  also  presents  a  risk  for  repeating  
the   mistakes   made   with   overuse   of   antibiotics,   and   the   subsequently   high  
levels   of   evolved   antimicrobial   resistance   observed   both   in   the   environment  
and   in   hospitals   (Zhu   et   al.,   2013).   For   example,   it   is   unclear   whether  
introducing  high  concentrations  of  diverse  phage   types   into   the  environment  
	   20	  
will   select   for   broad   resistance,   making   future   treatments   less   likely   to  
succeed.   Furthermore,   the   role   of   phage-­mediated   selection   in   shaping  
bacterial  growth  rates  and  virulence  to  their  hosts  remains  poorly  understood.    
Despite   a   number   of   reviews   highlighting   the   need   for   increased  
understanding   of   environmental   perturbations   from   anthropogenic   antibiotic  
input  (Martinez  et  al.,  2009;;  Ding  and  He,  2010;;  Allen  et  al.,  2013)  the  impact  
of  antibiotic  use  on  microbial  communities  has  rarely  been  taken  into  account  
when  designing   treatment  or  application.  This   is  particularly  surprising  given  
the   known   natural   importance   of   these   chemicals   in   shaping   competition  
among  bacterial  strains  (D’Costa  et  al.,  2011).  As  phages  are  also  known  to  
select   for   resistant   bacteria   (Buckling   and   Rainey,   2002)   and   to   mediate  
competition   among   strains   (Bohannan   and   Lenski,   2000;;   Koskella   et   al.,  
2012a),   the   same   risks   should   apply   to   this   alternative   treatment.  
Unfortunately,  little  is  currently  known  about  the  effects  of  applying  high  titers  
of   phages   to   natural  microbial   communities.  Most   importantly,   it   is   possible  
that   with   uncontrolled   application   of   phages   in   the   environment   the   future  
efficacy  of  phage  therapy  in  a  clinical  setting  could  be  reduced-­  a  mistake  we  
cannot   afford   given   the   need   for   new   antimicrobial   therapies   as   a   result   of  
drug-­resistant   pathogens   (Levy   and   Marshall,   2004).   Phage   therapy   in  
agriculture  could  serve  as  a  testing  ground  for  clinical  use  (Stone,  2002;;  Levin  
and  Bull,  2004).  However,   there  could  also  be  a  conflict  of   interests   if  cross-­
resistance  to  phage  treatments  is  possible  and  if  these  resistant  bacteria  can  
spread   from   agricultural   to   clinical   settings,   as   has   been   observed   for  
antibiotic  resistance  (van  Cleef  et  al.,  2010;;  Perry  and  Wright,  2013).  If  phage  
therapy   treatments   fail,   or   improper   use  of   phages   in   the  environment   goes  
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unchecked,   the   use   of   widespread   phage   biocontrol   in   agriculture   could  
jeopardize   the   future   of   phage   therapy   in   hospitals.   Fortunately,   our  
understanding  of  phage-­mediated  selection  is  growing  at  a  rapid  pace  and  a  
new   era   of   genomic   investigation   should   allow   monitoring   of   microbial  
communities   following   phage   therapy.   With   a   few   precautions   and   further  
insight  into  phage  host  range  and  bacterial  resistance,  phage  therapy  may  be  
effective   for   treating   bacterial   infections   in   agriculture,   aquaculture,  
healthcare,  food  production  and  food  safety.  
  
  
i.  The  risks  of  antimicrobial  use  in  agriculture  
The  argument  against  using  antibiotics  as  standard  agricultural  practice,  both  
to   improve   growth   rates   and   prevent   disease,   is   not   new   (Witte,   1998)   and  
has   been   extensively   reviewed   previously   (Singer   et   al.,   2003).   However,  
unequivocally   demonstrating   increased   resistance   as   a   consequence   of  
agricultural   usage   has   proved   elusive   (Perry   and  Wright,   2013).   A   wave   of  
new   data   supporting   both   direct   and   indirect   routes   of   antibiotic   resistance  
genes   between   agricultural   and   human   populations   suggests   a   bidirectional  
zoonotic   exchange   (Price   et   al.,   2012).   For   example,   recent   studies   have  
found  diverse  and  abundant   resistance  genes   in  manure  prior   to  disposal   in  
the   environment   (Zhu   et   al.,   2013)   and   a   high   prevalence   of   resistance   to  
multiple   antibiotics   in   enterobacteria   isolated   from   tomato   farms   (Micallef  et  
al.,   2013)   and   in   bacteria   from   manure-­amended   soils   (Popowska   et   al.,  
2012).   Furthermore,   methicillin-­resistant   Staphylococcus   aureus   (MRSA)  
rates   in  workers  on  swine   farms  have  been  shown   to  be  higher   than   for   the  
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average   population   in   both   North   America   and   Europe   (Voss   et   al.,   2005;;  
Khanna  et  al.,  2008;;  Smith  et  al.,  2009;;  van  Cleef  et  al.,  2010).  Finally,  calves  
treated   with   antibiotics   are   also   more   likely   to   carry   MRSA   and   there   is   a  
direct   association   between   intensity   of   animal   contact   and   human   MRSA  
carriage  (Graveland  et  al.,  2010).  A  similar  trend  is  seen  in  aquaculture  where  
bacteria   nearer   to   farms   were   found   to   have   higher   levels   of   antibiotic  
resistance   than   nearby   coastal   regions   in   Italy   (Labella   et   al.,   2013).   The  
increasing   number   of   studies   supporting   the   hypothesis   that   environmental  
use   of   antibiotics   has   contributed   to   selection   for   antibiotic   resistance  
suggests  that  non-­prudent  use  of  antibiotics  in  healthcare  and  agriculture  may  
reduce  the  effectiveness  of  antibiotic  strategies  as  an  essential   treatment  for  
disease.  
  
As  an  alternative   to  antibiotic  use,   the  application  of  phages   in  agriculture   is  
being  trialed  as  a  biopesticide  to  control  plant  pathogens  of  tomato  (Jones  et  
al.,   2012),   citrus   (Balogh  et   al.,   2008)   and  onion   (Lang  et   al.,   2007)   among  
others  (reviewed  in  Svircev  et  al.,  2011).  For  example,  Erwinia  amylovora  (the  
causative  agent  of  fire  blight)  infections  are  affecting  a  number  of  crop  species  
in  orchards  across  North  America  and  Europe   (see  Malnoy  et  al.   (2012)   for  
review).  Although  antibiotics  have   traditionally  been  employed   to  control   this  
disease,   the   emergence   of   streptomycin   resistant   strains   (McManus   et   al.,  
2002)  and  a  desire  to  reduce  antibiotic  use  in  the  environment  has  led  to  the  
use  of  phages  as  an  alternative.  Phage  biocontrol  clearly  has  the  potential  to  
control  fire  blight  infections,  as  lytic  phages  have  been  isolated  that  are  highly  
infective  to  the  pathogen,  but  definitive  field  trials  are  currently  lacking.  Given  
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the   evidenced   risks   of   movement   of   antibiotic   resistance   genes   between  
agricultural   to   human   pathogens,   we   should   ask   whether   the   large-­scale  
application  of  phages  is  likely  to  repeat  these  past  mistakes.  Until  appropriate  
studies  are  conducted,   the  subsequent  consequences  of  applying  phages   in  
agriculture   for   the   spread   of   antibiotic   resistance,   the   evolution   of   the  
pathogen,  and   the  community  of  microbes  within   the  plants  and  soil   remain  
unknown.  
  
ii.  Design  and  implementation  of  phage  therapy  and  biocontrol  
The  process  of  preparing  a  phage   therapy  product   for  clinical  use  has  been  
thoroughly  described  (Merabishvili  et  al.,  2009;;  Gill  and  Hyman,  2010).  Figure  
2  also  describes  this  process  for  clinical  and  environmental  samples.  Briefly,  
environmental   samples   such   as   sewage   or   clinical   samples   from   infected  
wounds   are   collected.   The   next   step   normally   employs   an   ‘enrichment’  
process   whereby   the   target   bacterial   species   is   added   to   the   sample   to  
increase  the  titer  of  phages  infective  to  this  strain.  The  sample  is  either  filtered  
or   chloroform   is   added   to   separate   phages   from   bacteria,   and   individual  
phage  ‘plaques’  (i.e.,  the  localized  absence  of  bacterial  growth  in  a  lawn  due  
to   lysis)   are   chosen   for   further   characterization.   Transmission   electron  
microscopy  may   be   employed   to   assign   family   level   phylogeny   and   genetic  
sequencing  for  finer  scale  taxonomic  assignment,  and  screening  of  virulence  
factors   is   typically   conducted.   Other   properties   such   as   stability   across   a  
range   of   environmental   conditions   may   be   tested   for   optimal   storage   and  
production.   Importantly,   phage   host   range   is   typically   tested   to   ensure   the  
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selected   isolates   have   high   efficacy   against   the   pathogen   of   interest.  
However,   this   screening   is   most   often   done   using   a   reference   panel   of  
laboratory   stocks,   rather   than   a   large   subset   of   bacteria   from   the   local  
environment   in   which   the   phages   will   be   applied,   leading   to   a   biased   host  
range  description.  Therefore,  one  way  to  reduce  the  possible  community-­level  
effects   of   applying   phages   would   be   to   perform   large-­scale   host   range  
analyses  across  a  biologically  meaningful  panel  of  isolates  (i.e.  those  bacterial  
strains  and  species  with  which  the  phages  are  likely  to  interact  once  applied),  
as  has  been  done  successfully  in  the  field  of  microbial  ecology  (Flores  et  al.,  
2011;;  Koskella  and  Meaden,  2013).    
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Figure  1.  Typical  production  of  phage  biopesticide  
  
Once   individual   phages   have   been   isolated   and   characterized,   phage  
cocktails   are   produced   by   combining   multiple,   usually   phylogenetically  
diverse,   phages   into   one   formulation.   The   idea   behind   these   combined  
treatments   is   twofold:   first,   the   use   of   multiple   phages   should   increase   the  
breadth   of   efficacy   of   the   treatment   to   include  most   circulating   strains   of   a  
pathogen;;  and  second,  the  evolution  of  bacterial  resistance  should  be  slowed  
relative   to   single   phage   treatment.   Whilst   this   approach   could   select   for  
broadly   resistant   bacterial   hosts,   a   number   of   studies   suggest   that   broad  
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resistance   will   carry   a   larger   cost   and   therefore   will   not   spread   as   rapidly  
(Bohannan   and   Lenski,   2000;;  Hall  et   al.,   2012;;  Koskella  et   al.,   2012b).   For  
example,   strains   of   the   plant   pathogen,  Pseudomonas   syringae,   evolved   in  
the   presence   of   three   phage   types   were   just   as   likely   to   evolve   resistance  
against  all   three  as   those  strains  evolved   in   the  presence  of  a  single  phage  
type.  Furthermore,  bacteria  treated  with  multiple  phages  were  no  more  likely  
to  be  cross-­resistant   to  novel  phages  but  were   found  to  have  paid  a  greater  
cost   for   their   resistance   than   bacteria   treated   with   a   single   phage   type  
(Koskella   et   al.,   2012b).   A   similar   result   was   observed   for   Pseudomonas  
aeruginosa   strains   treated   with   one   versus   four   phages   (Hall   et   al.,   2012).  
This  mirrors   the   common   practice   of   using   combined   antibiotic   treatment   to  
decrease  the  likelihood  of  evolved  antibiotic  resistance  (Traugott  et  al.,  2011;;  
Vardakas   et   al.,   2013).   Overall,   a   greater   understanding   of   the   costs   of  
resistance   to   phage   predation   and   of   synergistic   effects   among   phages   in  
controlling   bacterial   pathogens   will   allow   for   a   more   informed   development  
and   application   of   treatment,   and   ideally   the   prevention   of   widespread  
resistance.  
  
iii.  The  implications  of  evolved  resistance  to  phages  
Despite   the   promise   of   many   phage   therapy   trials,   the   use   of   phages   to  
control   bacterial   pathogen   begs   the   question:   could   the   evolution   of   phage  
resistance  mirror  the  evolution  and  spread  of  antibiotic  resistance?  Numerous  
studies   have   shown   that   natural   phages   are   well-­adapted   to   their   local  
bacterial  populations  (Vos  et  al.,  2009;;  Koskella  et  al.,  2011)  and  that  bacteria  
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in  turn  adapt  to  resist  their  local  phages  (Kunin  et  al.,  2008;;  Koskella,  2013).  
However,  a  recent  review  of  phage  resistance  as  a  result  of  prolonged  phage  
therapy   (Ormälä   and   Jalasvuori,   2013)   concludes   that,   as   it   is   possible   to  
isolate  phages   infective   to  bacteria   from  different  geographical   locations  and  
evolutionary  histories  (Flores  et  al.,  2011),  long  term  resistance  need  not  be  a  
concern  as  a  diverse  set  of  phages  capable  of  infecting  newly  resistant  strains  
will   always   be   available.   Local   phage   diversity   is   often   high   (Breitbart   and  
Rohwer,  2005),  so  infective  phages  should  be  easy  to  isolate  from  just  a  few  
environmental   samples.   However,   this   parallels   the   problems   of   antibiotic  
discovery   -­   the  process   from  discovery   to  a  useable  product   is  arduous  and  
expensive,  so  despite  a  ready  source  of  infective  phages  few  companies  are  
investing   in   treatments   (Brüssow,   2012).   If   bacterial   resistance   to   phage  
infection   emerges   rapidly   and   production   is   slow,   redundancy   of   treatments  
seems   likely.  As  pointed  out  by  Pirnay  et  al.   (Pirnay  et  al.,  2011)  a   reactive  
phage   therapy   program   that   is   capable   of   rapidly   isolating,   screening   and  
applying  infective  phages  will  be  better  placed  to  respond  to  phage  resistance  
than   the   slow   and   expensive   process   of   approval   and   licensing   for   each  
phage  type.    
  
Currently   the   maximum   breadth   of   bacterial   resistance   to   phage   (i.e.   the  
number   of   phage   types   a   single   bacterium   is   capable   of   resisting)   remains  
largely  unknown,  as  novel  genera  of  phages  are  continually  being  discovered  
(Holmfeldt  et  al.,  2013a).  For  example,   the  ubiquitous  marine  bacterial  clade  
SAR116   was   thought   to   be   so   abundant   as   a   result   of   escaping   phage  
predation,  but  a  recent  finding  shows  that  it  is  indeed  infected  by  phages,  and  
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that   these  phages  are   likely   to  be   the  most  abundant  species  on   the  planet  
(Kang  et  al.,  2013).  Our  knowledge  of  phage  ecology  and  evolution  is  still   in  
its   infancy;;   the   exact   mechanisms   of   infection,   and   in   turn   resistance,   are  
often   unknown   and   could   be   simultaneously   diverse   among   strains   and   yet  
largely  conserved  across  genera  (Koskella  and  Meaden,  2013).  There  are  a  
number  of  published  cases  of  phages   that  are  capable  of   infecting  bacterial  
hosts  across  genera  (Table  1),  suggesting  the  potential  for  shared  resistance  
mechanisms.   Even   if   unlikely,   evolved   resistance   to   the   few   phage   therapy  
products  available  to  clinicians  would  severely  impair  treatment  potential.  This  
problem  may  be  exacerbated  by  the  more  stringent  control  of  phage  products  
for  clinical  use,  and  thus  the  slow  pipeline  from  isolation  to  delivery,  relative  to  
the  approval  of  cocktails   for  use   in  agriculture.     As  such,   rapidly   responding  
regulation,  like  the  measures  in  place  for  seasonal  flu  vaccines  (Verbeken  et  
al.,  2012),  could  be  a  more  effective  way  of  countering  phage  therapy  product  
redundancy.    
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Table  1.  
Examples   of   phages   isolated   from   the   environment   capable   of   infecting   across  
genera.    
Author/s   Year   Genera  infected   Number   of  
Genera  
Pathogenicity    
Koskella   and  
Meaden  
2013   Pseudomonas  
and  Erwinia  
2   Crop  
pathogens  
Lu  et  al.   2012   Lactobacillus  
and  Weissella  
2   Endocarditis  
and  
bacteremia  
Evans  et  al.   2009   Serratia   and  
Pantoea  
2   NA  
Bielke  et  al.   2007   Salmonella   and  
Klebsiella   or  
Escherichia  
2   Enterocolitis,  
pneumonia,  
urinary   tract  
infections   and  
septicemia  
Beumer   and  
Robinson  
2005   Sphaerotilus  
and  
Pseudomonas  
2   Pneumonia,  
urinary   tract  
infections,  
septicemia  
and   wound  
infection  
Thomas   et  
al.  
2002   Gordonia,  
Nocardia   and  
Rhodococcus  
3   Opportunistic  
pathogenesis  
Jensen  et  al.     1998   Pseudomonas  
and  
Sphaerotilus   or  
Escherichia  
2   Pneumonia,  
urinary   tract  
infections,  
septicemia,  
wound  
infection   and  
enteric  
disease  
Tilley  et  al.   1990   Multiple   genera  
within   the  
Micromonospora  
3   Respiratory  
infection  
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Finally,  the  combined  use  of  phages  and  antibiotics  has  shown  great  promise  
due   to   the   negative   pleiotropic   effects   of   phage   resistance   and   antibiotic  
resistance.  Experimental  evolution  has  demonstrated   that  phages  applied   to  
populations   of   Pseudomonas   fluorescens   that   had   evolved   antibiotic  
resistance   reduced   population   densities   to   a   greater   degree   than   when  
applied   to   sensitive   strains   (Escobar-­Páramo   et   al.,   2012).   In   addition,  
combined  treatment  was  shown  to  drastically  hinder  the  evolution  of  bacterial  
resistance   over   time   compared   to   antibiotic   treatment   alone   (Zhang   and  
Buckling,   2012).   In   poultry,   the   combination   of   phages   and   enrofloxacin  
resulted   in   lower  mortality   in   infected  birds   than  either   treatment   individually  
(Huff   et   al.,   2004).   Therefore,   one   potential   step   forward   in   controlling   the  
spread  of  both  antibiotic  resistance  and  phage  resistance  in  the  environment  
and/or   under   clinical   settings   could   be   the   carefully   planned   combination  
treatments  of  the  two.  
  
iv.  Phage-­mediated  attenuation  of  bacterial  virulence  
A  common  refrain  of  phage   therapy  and  biocontrol   is   that  even   if   resistance  
does   emerge,   such   resistance   is   likely   to   be   costly,   and   as   such   would  
attenuate  bacterial   virulence   in  a  eukaryotic  host   (Inal,   2003;;  Hagens  et  al.,  
2004).   Phage   resistance   does   seem   to   be   correlated   with   a   reduction   in  
metabolic  fitness  both  in  the  lab  (Bohannan  and  Lenski,  2000;;  Koskella  et  al.,  
2012b)  and  the  soil  (Gómez  and  Buckling,  2011),  however  the  effect  this  may  
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have   on   virulence   in   a   eukaryotic   host   is   largely   unknown.   Of   the   few  
examples,  phage-­resistant  strains  of  Yersinia  pestis  have  been  shown  to  have  
attenuated   virulence   in   a   mouse   model   system,   resulting   in   a   significant  
increase  in  time  to  death,  and  in  some  cases  complete  attenuation  (Filippov  et  
al.,  2011).  The  same  phenomenon  has  been  observed   in  aquaculture  with  a  
direct   correlation   observed   between   phage   resistance   and   complete  
attenuation  of  Flavobacterium  columnare  in  a  zebrafish  system,  such  that  one  
phage-­sensitive  phenotype  resulted  in  100%  mortality  compared  to  0%  in  the  
phage-­resistant  phenotypes  (Laanto  et  al.,  2012).    
  
In   plant   pathogens,   there   is   also   evidence   to   suggest   that   phage-­mediated  
selection   might   alter   the   infectivity   and/or   virulence   of   bacterial   pathogens.  
Phages  infecting  the  bacterium,  E.  amylovora,  were  found  to  be  most  efficient  
at   infecting   strains   that   produced   either   high   or   low   levels   of  
exopolysaccharides   (depending   on   the   phage   family   examined),   suggesting  
strong  and  context-­dependent  selection  on  a  trait  that  is  also  known  to  play  a  
key   role   in   virulence   on   the   plant   host   (Roach   et   al.,   2013).   Similarly,   we  
recently   demonstrated   a   context-­dependent   cost   of   resistance   of  
Pseudomonas  syringae  to  phages,  whereby  phage-­resistant  strains  grew  just  
as  well   as   phage-­sensitive   strains   in   nutrient   rich  media,   but   grew   to  much  
lower  densities  within  the  plant  host  (Meaden  et  al.,  2015).  In  contrast  to  these  
results,  Hosseinidoust  et  al.   (Hosseinidoust  et  al.,  2013)   found   that   in   tissue  
culture,  phage  resistant  variants  of  Pseudomonas  aeruginosa  actually  secrete  
higher   levels   of   virulence   factors   and   caused   more   damage   to   cultured  
mammalian   cells.   With   no   general   pattern   yet   emerged,   phage-­mediated  
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attenuation  of  virulence  seems  hard  to  predict  and  certainly  not  guaranteed.  It  
is   possible   that   a   bacterial   pathogen   could   evolve   resistance   to   a   phage  
therapy   product   and   maintain   or   even   attain   high   virulence   levels.  
Furthermore,   the   role   of   compensatory   mutations   to   phage   resistance   is  
unknown;;  in  the  case  of  antibiotics  such  mutations  can  rapidly  ameliorate  the  
costs  paid  for  resistance  (Levin  et  al.,  2000;;  Brandis  and  Hughes,  2013)  and  
the  same  may  be  true  of  resistance  to  phages.  If  this  turns  out  to  be  the  case,  
phage   therapy   treatments   that   rely   on   the   loss   of   costly   resistance   (or  
interactions   among   costly  mutations   to  multiple   phages)   will   be   at   constant  
risk  of  bacterial  escape.  
  
v.  Increasing  horizontal  gene  flow  through  phage  application  
In   addition   to   the   direct   effects   of   phage   application   on   the   densities   and  
relative   frequencies   of   bacterial   pathogens,   we   must   also   be   aware   of   the  
potential   dangers   of   phage-­mediated  horizontal   gene   transfer   (HGT)  among  
pathogenic  and  non-­pathogenic  bacterial  species.  This  is  particularly  relevant  
as   HGT   is   an   important   driver   of   antibiotic   resistance   evolution   (Courvalin,  
1994).  Given  that  phages  facilitate  horizontal  gene  flow  through  the  process  of  
transduction  and   that  beta-­lactam  resistance  genes  have  been   isolated   from  
environmental   phage   genomes   (Colomer-­Lluch   et   al.,   2011),   there   is   clear  
need   to   be   cautious   in   our   application   of   phages   in   the   environment.  
Moreover,   it  has  recently  been  shown  that  antibiotic  treatment   itself  expands  
the   number   of   genes   that   confer   drug   resistance   in   phage   metagenomes  
(Modi  et  al.,  2013).  Environmental  perturbation  with  antibiotics  also  expanded  
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the  ecological  network  of  phages,  suggesting   that  drug   treatment  selects   for  
greater  phage-­mediated  transfer  of  resistance  genes  (Modi  et  al.,  2013).    
Phage-­mediated   transfer  of  virulence   factors   is  also  a  key  concern,  and  has  
been  well  characterized  in  the  Vibrio  cholerae  system  whereby  CTX  Φ  phage  
(among  others)  shapes  the  severity  of  cholera  pandemics  through  the  transfer  
of   toxin   producing   virulence   factors   and   environmental   fitness   benefits  
(Faruque  and  Mekalanos,  2012).  Additionally,  V.  cholerae  has  been  shown  to  
become  naturally  competent  on  a  chitin  surface   (similar   to   its  environmental  
niche   on   crustacean   exoskeletons),   facilitating   uptake   of   exogenous   DNA  
from  an  array  of   sources   (Meibom  et  al.,  2005),  which  could  be   important   if  
phages   are   lysing   nearby   pathogenic   bacterial   strains.   Environmental  
perturbation  through  unnaturally  high  titers  of  phages  could  lead  to  high  levels  
of   transduction   and   horizontal   gene   flow   with   unintended   outcomes,  
exacerbating   antibiotic   resistance   and   moving   virulence   factors   and   toxins  
among  genomes.  However,  a  better  understanding  of  phage  host  range  and  
host   range   expansion   could   help   mitigate   the   spread   of   genes   among  
bacterial  hosts.  
  
vi.  Impact  of  phage  application  on  natural  microbial  communities  
The   importance   of   the   microbial   flora   to   the   fitness   of   human   hosts   has  
become   clear   in   recent   years,   with   microbes   playing   a   proposed   role   in  
obesity   (Greenblum   et   al.,   2012),   oral   health   (Belda-­Ferre   et   al.,   2012),  
Crohn’s   disease   (Manichanh  et   al.,   2006),   AIDS   (Saxena  et   al.,   2012),   and  
even   mental   health   (Foster   and   McVey   Neufeld,   2013).   Although   less   well  
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studied,  a  similar   role  of  microbiota   in  shaping   fitness   is   likely   to  be   true   for  
agricultural   plants   (Peiffer   et   al.,   2013)   and   livestock   (McFall-­Ngai   et   al.,  
2013).   Whilst   antibiotics   can   disrupt   a   large   proportion   of   the   microbial  
community  (Dethlefsen  and  Relman,  2011),  phage  therapy  may  facilitate  the  
targeted   elimination   of   a   pathogenic   strain   without   disruption   of   the   normal  
microbiota  of  a  patient  (Carlton,  1999)  or  a  crop  plant.  Indeed,  this  argument  
has  been  a  focal  one  to  support  phage  therapy  over  antibiotic  use  (Goodridge,  
2004;;   Loc-­Carrillo   and   Abedon,   2011).   The   term   ‘dysbiosis’   has   been  
introduced  to  describe  a  microbial  flora  that  has  become  ‘unhealthy’,  typically  
in   human  disease   (Tamboli,   2004).   The   same  phenomenon   is   likely   to   hold  
true   for   natural   microbial   communities   both   within   and   outside   of   the   host  
environments,   and   thus   the   addition   of   foreign   phages   in   the   form   of   a  
biopesticide   could   destabilize   such   communities,   causing   ‘dysbiosis’   and  
potentially   having   subsequent   effects   on   disease   and   nutrient   cycling.      For  
example,   in  soil  where   ratios  of  phages   to  bacteria  are  expected   to  be  near  
1:1  (Reyes  et  al.,  2010)  an  influx  of  applied  phages  could  well  disrupt  stable  
ecological   communities   important   in   nutrient   cycling.   Conversely,   in   the  
marine  environment,  where   this   ratio   is  closer   to  1:100  (Reyes  et  al.,  2010),  
an  influx  of  applied  phages  is  unlikely  to  adversely  disrupt  a  normal  microbial  
community.   Unfortunately,   by   the   same   logic,   aquaculture   may   suffer   from  
lower   chances   of   success   from   phage   biocontrol,   as   the   concentrations   of  
phages  needed  to  influence  bacterial  density  is  likely  to  be  a  limiting  factor.  
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vii.  Infection  kinetics  
Unlike   antibiotic   usage,   where   an   effective   dosage   can   be   determined   for  
different  species  and  corresponding  quantities  used,   the   infection  kinetics  of  
phage   therapy   are   less   predictable   (Payne   and   Jansen,   2003).   This  
knowledge   gap   presents   a   challenge   for   effective   use   balanced   with  
environmental  safety,  as  an   individual  phage  persists   in   the  environment   for  
relatively   short   timescales,   but   a   lineage   can   reproduce   indefinitely   when  
hosts   are   plentiful.   This   continued   replication  makes   calculations   of   dosage  
difficult.   In  antibiotic   treatment   the  minimum   inhibitory  concentration   (MIC)   is  
crucial-­   however   finding   the   right   balance   between   a   high   enough   titer   of  
phages   to   be   effective   and   not   introducing   excessive   levels   into   the  
environment  is  difficult.  Potentially  the  application  of  a  single  phage  could  lead  
to   the  continued  replication  of  an   infective  phage,   thus  perpetuating  not  only  
treatment   but   also   persistence   in   the   environment.   If   there   are   unwanted  
effects   of   phage   biopesticide   there   are   no   tools   currently   available   to  
selectively   remove   such   viruses   from   the   environment.   Also,   the   timing   of  
treatment   as   a   function   of   bacterial   density   can   be   crucial   for   a   successful  
outcome   (Payne   and   Jansen,   2003).   Indeed,   in   a   trial   controlling   Vibrio  
parahaemolyticus  infections  in  shrimp  timing  was  crucial  whereas  changes  in  
dosage   had   no   effect.   Reducing   the   multiplicity   of   infection   made   no  
difference   whereas   when   treatment   was   delayed   it   was   ineffective   in  
controlling  mortality  (Martínez-­Díaz  and  Hipólito-­Morales,  2013),  possibly  as  a  
result  of  non-­linear  infection  kinetics.  Such  infection  kinetics  of  phage  therapy  
were   tested   in   vitro  with  Campylobacter   jejuni,   a   common  poultry  pathogen,  
and   found   to   fit   a   non-­linear   model   with   a   density-­dependent   proliferation  
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threshold  (Cairns  et  al.,  2009).  These  studies  highlight   the  nuances   involved  
in   effective   phage   therapy   use   and   as   such   the   use   of   phages   cannot   be  
analogous   to   that   of   antibiotics.   Provided   policy   makers   accept   this   and  
approach   the   field  balancing   the  risks  of  widespread  environmental  use  with  
the   pressing   need   for   a   clinical   alternative   to   antibiotics,   phage   biocontrol  
could  be  an  integral  tool  in  controlling  bacterial  diseases.  
  
viii.  Future  outlook  
Our   understanding   of   the   biology,   ecology   and   evolution   of   microbial  
pathogens   has   improved   immeasurably   since   the   advent   of   widespread  
antibiotic   use.   If   we   can   learn   the   lessons   from   our  mistakes  with   antibiotic  
use,   phage   therapy   and   biocontrol   could   form   an   integral   tool   in   the   fight  
against   bacterial   infections   that   threaten   human   health   and   food   production  
(Pirnay  et  al.,  2012;;  Allen  et  al.,  2013).  For  example,  the  falling  costs  of  whole  
genome   sequencing   (Kisand   and   Lettieri,   2013)   should   make   tracking   the  
evolution  and  spread  of  resistance  genes  in  a  clinical  setting  easier  and  more  
accurate  (Didelot  et  al.,  2012).  Furthermore,  advances  in  metagenomics  may  
make   monitoring   the   effects   of   environmental   perturbations   on   microbial  
communities   feasible  and  allow  researchers   to   track  changes  over   long  time  
periods.  An  attractive  avenue  of  research  for  pharmaceutical  companies  may  
be   the   use   of   phage   lysins-­   enzymes   that   are   capable   of   bursting   bacterial  
cells  open  ‘from  without’.  Such  an  approach  avoids  the  problems  of  infection  
kinetics  mentioned  previously  and  can  have  a  broad  spectrum  encompassing  
multiple   strains   of   antibiotic   resistant   pathogens,   such   as   MRSA   and  
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vancomycin  intermediate  S.aureus  (Gilmer  et  al.,  2013).  The  downside  is  that  
lysins,  unlike  phages,  lack  the  ability  to  counter  evolve  to  pathogens.    
Microbial  biofilms  present  a  continued  risk   to  healthcare  as   they  may  harbor  
bacteria   in   a   less  metabolically   active   state   that   survive   antibiotic   treatment  
(Oliver,   2010).   Phages   targeting   biofilms   in   synchrony   with   antibiotics   may  
form  a  novel  strategy,  although  the  inherent  risks  of  HGT  still  remain.  It  may  
also  be  possible  to  circumvent  this  cycle  of  treatment,  selection  for  resistance  
and   re-­infection   through   the  use  of   ‘social  disruption’   treatments   that   reduce  
bacterial   virulence   without   selecting   for   resistance   (Boyle   et   al.,   2013).  
Phages   could   play   a   role   in   the   reduction   of   biofilm   and   public   good  
production-­   one   example   is   an   engineered   phage   that   expresses   a   biofilm-­
degrading  enzyme   (Lu  and  Collins,  2007).  Whilst   this   is   likely   to   reduce   the  
fitness   of   bacterial   population   selection   should   be   weaker   than   that   of   an  
antibiotic.   Given   the   difficulties   faced   by   clinicians   in   treating   antibiotic-­
resistant   infections   and   urgency   of   finding   alternative   therapies   the   prudent  
use  of  phages  should  be  a  priority.  Nevertheless,  we  have  the  tools   to   track  
resistance  and  simple  measures  such  as  providing  a  diverse  set  of  phages  for  
treatment   could   help.   A   seasonal-­vaccine-­like   scheme   could   create   a  
treatment  program  that  is  responsive  to  the  evolution  of  resistance.  In  short,  a  
very  different  model  to  that  of  our  use  of  antibiotics.      
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Chapter  3:  The  cost  of  phage  resistance  in  a  plant  pathogenic  bacterium  
is  context-­dependent  
  
Abstract    
Parasites   are   ubiquitous   features   of   living   systems   and   many   parasites  
severely   reduce   the   fecundity   or   longevity   of   their   hosts.   This   parasite-­
imposed  selection  on  host  populations  should  strongly   favor   the  evolution  of  
host   resistance,   but   hosts   typically   face   a   trade-­off   between   investment   in  
reproductive   fitness   and   investment   in   defense   against   parasites.   The  
magnitude   of   such   a   trade-­off   is   likely   to   be   context-­dependent,   and  
accordingly  costs  that  are  key  in  shaping  evolution  in  nature  may  not  be  easily  
observable   in   an   artificial   environment.   We   set   out   to   assess   the   costs   of  
phage   resistance   for   a   plant   pathogenic   bacterium   in   its   natural   plant   host  
versus   in   a   nutrient-­rich,   artificial  medium.  We   demonstrate   that  mutants   of  
Pseudomonas  syringae   that  have  evolved   resistance  via  a  single  mutational  
step   pay   a   substantial   cost   for   this   resistance   when   grown   on   their   tomato  
plant  hosts,  but  do  not   realize  any  measurable  growth  rate  costs   in  nutrient-­
rich  media.  This  work  demonstrates  that  resistance  to  phage  can  significantly  
alter   bacterial   growth  within   plant   hosts,   and   therefore   that   phage-­mediated  
selection   in   nature   is   likely   to   be   an   important   component   of   bacterial  
pathogenicity.      
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Introduction  
The   presence   of   parasites   that   cause   harm   to   their   hosts,   despite   strong  
selection  on  host  populations  to  evolve  resistance,  suggests  the  presence  of  
trade-­offs   between   resistance   and   other   traits   such   that   host   defenses   are  
often  costly  to  maintain  in  the  absence  of  parasites  (reviewed  by  Sheldon  and  
Verhulst,  1996).  Costs  of  resistance  are  theoretically  predicted  to  prevent  the  
evolution   of   ever-­greater   infectivity   and   resistance   in   parasites   and   hosts  
respectively   when   resources   are   finite   and   competition   is   an   important  
selection  pressure  (Sasaki,  2000).  Associated  costs  of  resistance  to  parasites  
have   been   quantified   in   a   number   of   host   systems,   including   plants  
(Alexander  and  Antonovics,  1995;;  Parker,  1991),  birds  (Nordling  et  al.,  1998;;  
Verhulst  et  al.,  1999),  mammals  (Graham  et  al.,  2010)  and  insects  (Boots  and  
Begon,  1993;;  Kraaijeveld  and  Godfray,  1997;;  Cotter  et  al.,  2003).  However,  
there   have   also   been   a   number   of   published   studies   designed   to   measure  
costs   of   resistance   that   find   little   to   no   evidence   for   reduced   fitness   of  
resistant  hosts  (Purrington,  1996;;  Labbé  et  al.,  2010).  In  combination  with  the  
relative   difficulty   in   publishing   negative   results,   this   may   indicate   that   costs  
associated  with  resistance  are  often  absent  or   relatively  minor  and  therefore  
statistically   difficult   to   detect   (Lennon  et   al.,   2007).  Alternatively,   it  might   be  
that   costs   associated   with   resistance   are   context-­dependent   and   therefore  
only  detectable  under  certain  abiotic  or  biotic  conditions.    
  
The   context-­dependent   nature   of   fitness   costs   can   have   important  
consequences   for   interactions   among   host   organisms   and   other   interacting  
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species,  such  as  competitors,  predators,  or  other  parasites.  Such  ‘ecological  
costs’   can   play   critical   roles   in   shaping   host-­parasite   coevolution   across  
heterogeneous   landscapes   (Strauss  et   al.,   2002),   and   can  drive  geographic  
selection  mosaics,  whereby  the  presence  of  one  species  in  some  patches  can  
substantially  alter   the  coevolution  between   the  other   two  (Thompson,  2005).  
An   example   of   this   may   be   bacterial   species   that   are   either   pathogenic   or  
commensal   on   eukaryote   hosts   and   are   also   themselves   host   to  
bacteriophage  viruses  (phages).  In  these  cases,  any  costs  paid  for  resistance  
to  phages  may  be  exacerbated  within  the  eukaryote  ‘environment’.    
  
Lytic  phages  (i.e.  those  phages  that  lyse  their  host  cells  to  transmit  to  a  new  
host)   are   highly   abundant   in   all   environments   in   which   bacteria   are   found  
(Prigent  et  al.,   2005;;  Suttle,   2005;;  Walsh  et  al.,   2009).  Given   the  estimated  
10-­20%  of  bacterial  cells  that  are  lysed  through  phage  infection  globally  each  
day   (Suttle,   1994),   the   evolution   of   bacterial   resistance  mechanisms   should  
be   rapid   and   ongoing.   Phage-­mediated   selection   has   been   shown,   both  
empirically   and   theoretically,   to   play   a   central   role   in   maintaining   bacterial  
diversity  (Buckling  and  Rainey,  2002;;  Banfield  and  Young,  2009;;  Rodriguez-­
Valera  et  al.,  2009).    At  the  community  level,  this  is   in  part  due  to  direct  and  
indirect  effects  of  phage  populations  on   the  competitive  ability  of   their  hosts  
(Bohannan   and   Lenski,   2000).   However,   the   prevalence   of   bacterial  
resistance   remains   unknown   for   many   environments   and   appears   to   vary  
markedly  by  location  (Fuhrman,  1999;;  Jiang  et  al.,  2003).    
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Costs   of   resistance   to   phage   infection   have   previously   been   demonstrated  
during   experimental   evolution   of   bacteria   in   the   presence   of   phage   (Levin,  
1985;;   Bohannan   and   Lenski,   2000;;   Brockhurst  et   al.,   2005;;   Koskella  et   al.,  
2012b),  but  a  number  of  studies  have  failed  to  find  any  costs  associated  with  
phage   resistance   (Lythgoe   and   Chao,   2003;;   Mizoguchi   et   al.,   2003).  
Furthermore,  much  of   the  work   thus   far   relies  on  nutrient   rich  culture  media  
and  spatially  homogenous  environments,  despite  the  evidence  that  microbial  
evolution  is  affected  by  varying  spatial  structure  (Vos  and  Velicer,  2008)  and  
resource   levels   (Fierer   et   al.,   2003).   Moreover,   the   magnitude   of   costs  
associated  with   resistance   is   likely   to   vary   depending   on   the  mechanism  of  
phage  defense  employed  (Refardt  and  Kümmerli,  2013).  Our  primary  goal   in  
this   study   was   to   build   on   previous   work   demonstrating   abiotic   context-­
dependent   costs   of   resistance   (Quance   and   Travisano,   2009)   to   examine  
ecological   costs   of   resistance.   Specifically,   we   set   out   to   test   whether   the  
costs   paid   by   bacteria   to   resist   phages   differ   between   the   laboratory  
environment  and  the  natural  plant  host  environment.    
  
Materials  and  Methods  
Study  system  
Bacterial   resistance   to   phages   is   often   gained   through   alteration   or   loss   of  
phage   binding   sites   located   on   the   cell   surface   (reviewed   in   (Labrie   et   al.,  
2010;;   Koskella   and   Brockhurst,   2014),   which   can   result   in   a   number   of  
pleiotropic  effects.  For  example,   in  Escherichia  coli,   the   loss  of  siderophore-­
excreting  channels  or  proteins  involved  in  adhesion  and  biofilm  formation  are  
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known   to   confer   resistance   to  multiple   phages   but   also   to   play   key   roles   in  
shaping  bacterial  cooperation  and  stability  (Langenscheid  et  al.,  2004;;  Smith  
et   al.,   2007).   The   loss,   or   reduction   in   expression   of   such   metabolically  
important  pathways  therefore  leads  to  the  prediction  that  resistance  to  phages  
is   intrinsically   costly.     Some  mutations  are  expected   to  be  more   costly   than  
others,   and   benefits  may   also   be   variable   depending   on   the   level   of   cross-­
resistance  to  other  phages  conferred  (Lenski,  1988).  Aside  from  receptor  loss,  
a   number   of   other   mechanisms   of   phage   resistance   have   recently   been  
identified,  including  the  CRISPR/Cas  system  for  phage  resistance  (Barrangou  
et   al.,   2007),   abortive   infection   (Labrie   et   al.,   2012),   and   restriction  
modification   systems   within   the   host   (Balado   et   al.,   2013).   These   latter  
mechanisms  may  also  carry  costs,  but  the  addition  of  new  pathways  may  be  
less  likely  to  generate  trade-­offs  than  the  de  novo  mutation  of  existing  genes  
linked  to  phage  receptors.    
  
Many   mechanisms   conferring   phage   resistance   are   likely   to   influence  
bacterial  fitness  within  their  eukaryotic  hosts  (reviewed  in  Koskella  and  Taylor,  
2015).   Understanding   the   magnitude   of   costs   within   hosts,   such   as   plants,  
relative   to   those   affecting   growth   in   the   laboratory   is   key   to   predicting   the  
outcome   of   bacteria-­phage   coevolution   in   natural   host-­associated   microbial  
communities.   To   investigate   the   contextual   nature   of   costs   of   bacterial  
resistance   to  phages,  we  examined   the  growth  patterns  of   resistant  mutants  
of   the   plant   pathogenic   bacterium,  Pseudomonas   syringae   pathovar   tomato  
(Pst)  both  under  standard  laboratory  conditions  and  during  infection  of  its  host  
plant.  Pst   is  a  natural  pathogen  of   the   tomato  plant,  Solanum   lycopersicum,  
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where  infection  typically  comprises  of  an  epiphytic  existence  until  a  threshold  
density   is   reached,   whereby   the   plant’s   first   line   of   defense   (i.e.   stomatal  
closure)  is  suppressed  and  bacteria  invade  the  leaf  (Melotto  et  al.,  2006).  The  
molecular   basis   of   Pst   infection   and   responsive   plant   defense   is   well  
understood  (Chisholm  et  al.,  2006),  as  are   the  ecological  effects  of  humidity  
and   bacterial   density   on   infection   (O’Brien   and   Lindow,   1989;;   Roux   et   al.,  
2010).  However,  the  role  that  phages  might  play  in  shaping  plant  infection  by  
Pst   remains  relatively  unexplored.  This   is  perhaps  surprising,  as   there  are  a  
number   of   reasons   to   predict   that   lytic   phages   will   influence   the   ability   of  
bacteria   to   grow   in   planta  both   directly,   via   infection   and   lysis   of   cells,   and  
indirectly,  via  selection  for  costly  resistance  (Koskella  et  al.,  2012b).    
  
Selection  for  resistance  
We  set  out  to  compare  the  impact  of  lytic  phages  from  the  environment  on  Pst  
strain   DC3000   growth   in   planta   and   in   vitro.   Pst   DC3000   was   first   grown  
overnight   from   frozen  stocks   in  King’s  Broth   (KB)  nutrient  media  on  a   rotary  
shaker   at   28°C.  A   soft   agar   overlay   seeded  with   200μl   of   culture  was   then  
spotted  with  10μl  of  each  of  6  clonal  lytic  phage  suspensions  known  to  infect  
Pst  DC3000   that  had  been  previously   isolated   from  various  aquatic  sources  
as  potential  agents  for  biopesticide  control  of   the  pathogen   in  an  agricultural  
setting  (collected  by  Omnilytics,  Sandy,  UT,  USA;;  see  Koskella  et  al.,  2012b)  
for   further   details).   Using   high   phage   titers,   we   were   able   to   create   zones  
where   there  was  complete  absence  of  bacterial  growth.  Within   these  zones,  
however,   resistant   colonies   were   occasionally   observed,   and   we   took  
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advantage   of   this   phenomenon   to   isolate   resistant   clones   for   each   phage  
tested  (i.e.  one  mutant  per  phage,  creating  six  resistant  lines).  After  isolation,  
we   confirmed   bacterial   resistance  with   further   plaque   assays   and   subjected  
each   line,   as   well   as   the   sensitive,   ancestral   host,   to   multiple   phenotypic  
assays  to  evaluate  the  costs  of  resistance,  as  detailed  below.  The  breadth  of  
resistance  was  also  measured  prior   to   each  experiment,   and  we   found   that  
resistance  was  stable  over  all  experiments,  suggesting  a  genetic  rather   than  
plastic   mechanism,   and   indicating   that   resistance   to   one   phage   conferred  
resistance  to  nearly  all  the  other  phages  used,  which  are  all  likely  to  be  highly  
related  despite  independent  isolation  from  the  environment.    
  
Measuring  costs  of  resistance  in  vitro  
The   first   phenotypic   assay   was   to   measure   bacterial   density   reached   in   a  
typical  laboratory  setting  using  conventional  culture  microcosms  (30mL  glass  
universal   with   6mL   King’s   B   nutrient   media   on   an   orbital   shaker   at   28°C;;  
(Buckling   and   Rainey,   2002).   30μl   of   overnights   from   each   phage   resistant  
line   and   6   replicates   of   the   ancestral   line   were   standardized   to   ~0.1  OD600  
using  a  96  well  plate  reader  (PowerWaveXS,  Biotek,  USA)  prior  to  inoculation  
into   independent   microcosms.   Samples   were   taken   at   2,   24   and   72   hours’  
post-­inoculation.  A  second  experiment  was  run  in  parallel  with  the  addition  of  
100μl   of   the   phage   suspension   from   which   resistance   was   selected  
(standardized  at   1   x   104  PFU/ml),   in   order   to   confirm   resistance  of  mutants  
relative   to   the   phage-­sensitive   genotype.      Serial   dilutions   and   plating   were  
performed   with   sterile   water   using   the   drop   plate   method   as   described   by  
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(Chen  et  al.,  2003).   In  brief,  4   replicates  per  sample  were  diluted   in   ten-­fold  
increments   to  105  and  10  μl   from  each  was  spotted  onto  KB  agar.  After  48-­
hour   incubation   at   room   temperature   (approximately   23°C),   colonies   were  
counted  to  determine  bacterial  density  at  each  time  point.  In  parallel  with  this  
assay   we   measured   48hr   growth   curves   using   a   spectrophotometer  
(PowerWaveXS,  Biotek,  USA)  using  culture   turbidity  as  a  proxy   for  bacterial  
density.  Twenty  μl  of  a  1:10  diluted  overnight  culture  was  added  to  180μl  KB  
and  optical  density  was   recorded  every  5  minutes   for  48  hours.  These  data  
were   used   to   compare   the   minimum   bacterial   doubling   time   in   logarithmic  
phase   (between   0.2   and   0.4   OD600)   of   sensitive   versus   resistant   mutant  
strains.  
  
Measuring  costs  of  resistance  in  planta  
The  second  assay  measured  bacterial  density  on   tomato  plants   through   the  
course  of  3-­day   infection  trials.     The  experimental  design   is  as  described  for  
the  in  vitro  assay,  with  the  substitution  of  glass  microcosms  for  24,  6-­week  old  
tomato  plants,  S.   lycopersicum  cultivar  Moneymaker,  which  were  transferred  
to   a   controlled   growth   room   for   the   infections   (28°C,   60%   humidity,   9:15  
light/dark   cycle).   Overall,   we   ran   three   in   planta   experiments,   each   with  
slightly   altered   conditions.  Excluding   controls,   experiments   1   and   2   used   a  
total   of   12   plants   each,   with   6   being   inoculated   with   mutant   lines   (one   per  
plant)  and  6  being  inoculated  with  the  sensitive,  ancestral   line.  Experiment  3  
used  a  total  of  21  plants,  with  each  of  the  three  mutation  classes  discovered  
after   sequencing   inoculated   into   3   plants   each,   and   12   inoculated   with   the  
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sensitive   line.   Bacterial   inocula   were   prepared   by   overnight   culturing   of   all  
lines  in  25  ml  of  KB  media  at  28°C  on  an  orbital  shaker.  These  cultures  were  
washed   in  10  mM  MgCl2  by  centrifugation  at  3000  g  for  10  minutes  then  re-­
suspending  the  pellet  in  MgCl2.  This  process  was  repeated  to  further  remove  
any   residual   media,   which   can   result   in   lesion   formation   on   leaves.   All  
suspensions   were   standardized   by   dilution   to   ~0.05   OD600   using   a   96   well  
plate   reader   (PowerWaveXS,   Biotek,   USA),   which   corresponded   to   ~7x105  
colony  forming  units  (CFU)/ml.  Three   leaves,  excluding  those  on  the  highest  
and  lowest  branches,  were  selected  haphazardly  and  infiltrated  with  bacteria  
using  a  blunt  5  ml  syringe  on  the  abaxial  surface  of  the  leaf  (Wei  et  al.,  2007).  
A  MgCl2  suspension  was  inoculated  into  at  least  2  plants  to  serve  as  negative  
controls.  These  control  plants  were  interspersed  amongst  treatment  plants  in  
the  growth  chamber.  
  
After   1-­hour   post-­inoculation   the   first   batch   of   samples   was   collected   from  
leaves   (effectively   0   days   post   inoculation)   using   an   ethanol   sterilized   hole  
punch  with  a  diameter  of  6  mm.  One  cutting  was  made  per   leaf  per  plant  at  
each   time   point   to   ensure   replicates   were   independent,   and   each   cutting  
came  from  a  separate  leaf  chosen  haphazardly.  Each  leaf  cutting  was  dipped  
in  0.1  M  sterilization  buffer  (0.02%  Tween  20,  1%  Sodium  hypochlorite)  then  
sterile  water  to  remove  epiphytic  microorganisms.  Cuttings  were  placed  in  1ml  
of   0.1   M   sodium   phosphate   buffer   (pH   7)   supplemented   with   peptone   and  
glycerol,  and  frozen  at  -­20  C  until  processing.  Further  samples  were  taken  at  
24   hours   and   72   hours’   post-­infection.   CFU   per   ml   were   enumerated   by  
homogenizing   each   frozen   leaf   sample   using   a   Fast-­Prep   24   (MP  
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Biomedicals)   and   two   0.25   inch   ceramic   spheres   for   20   seconds.   Serial  
dilutions  were  performed  as  described  earlier,  with  the  addition  of  25μg/ml  of  
nystatin   added   to   the   agar   to   prevent   fungal   growth.  Pst   DC3000   colonies  
were   identified   by   colony   morphology   and   fluorescence   on   KB   agar   and  
confirmed  as  DC3000  through  whole  genome  re-­sequencing  of  4  haphazardly  
selected   colonies.   Control   plants   yielded   no   colonies   conforming   to   Pst  
DC3000  morphology.   The   second   experiment   was   run   within   a   glasshouse  
rather  than  CT  room,  with  higher  resolution  of  bacterial  densities,  and  with  an  
additional   sampling   at   48   hours’   post-­inoculation.   Finally,   in   light   of  
sequencing   results,   we   designed   the   third   experiment   to   include   a   more  
balanced   design   in   which   each   mutation   class   was   equally   represented  
across  replicates.  Here  we  used  24  plants  in  total,  where  12  were  inoculated  
with   the   phage   sensitive   ancestor   and   12   plants   inoculated   with   phage  
resistant  lines  (4  plants  per  mutation  type).    
  
Sequencing  and  bioinformatics  analysis  
In   order   to   identify   the   mutations   underlying   the   observed   phenotypic  
differences,  whole   genome   resequencing  was   conducted   for   all   six  mutants  
and   the   ancestor   to   enable   comparison   between   the   ancestral,   phage  
sensitive  line  and  the  mutant,  phage  resistant  lines.  After  Illumina  paired-­end  
sequencing   (MiSeq,   250bp,   v2   chemistry),   reads   were   quality   filtered   and  
mapped   against   a   reference   genome   (Pst  DC3000,  NC-­004578).  Unaligned  
reads   were   assembled   with   Velvet   (Zerbino   and   Birney,   2008)   and   SNP  
calling   was   performed   using   the   SNPEff   package   (Cingolani   et   al.).   More  
details   about   the   bioinformatics   pipeline   used   can   be   found   in   the  
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supplementary   information.   Based   on   the   short-­read   sequence   results,  
custom  primers  were  designed  around  each  potential  mutation  site  and  PCR  
amplifications  were  Sanger   sequenced   by   the  Core  Genomic   Facility   at   the  
University  of  Sheffield  and  mapped  to  a  reference  genome  in  Geneious  6.0.6  
(Biomatters)  to  verify  mutations.  Primers  used  for  sequencing  are  available  in  
the  supplementary  information.    
Initial   sequencing   uncovered   what   appeared   to   be   parallel   mutations  
conferring   resistance   to  multiple  phages  and   therefore  being   isolated  across  
multiple  phage  backgrounds  (Table  1).  To  determine  whether  this  result  was  
driven   by   convergent   evolution   or   by   selection   acting   on   standing   variation  
within   the   single   Pst   DC3000   colony   used   to   seed   the   experiment,   we  
conducted  a  further  experiment.  An  overnight  culture  of  the  stock  used  for  the  
first   experiment   was   grown   then   diluted   100   fold   to   reduce   any   standing  
variation.  We  then  exposed  this  diluted  culture  to  the  three  phages  that  led  to  
the  same  mutation  in  the  rfbA  gene  previously  (FRS,  NOI  and  SNK)  on  a  soft  
agar  overlay.  For  each  phage  we  isolated  3  colonies  from  within  the  clearance  
zone  and  1  from  an  area  of  the  plate  not  exposed  to  these  phages  to  serve  as  
a  control   line.  We   then  sequenced  each  with   the  primers  previously  used   to  
determine  whether  the  same  mutation  arose  again  in  the  rfbA  gene.  
  
Statistical  analysis  
All  statistical  analyses  were  conducted   in  R  v2.15   (http://www.r-­project.org/).  
General  linear  models  and  generalized  linear  mixed  models  were  used  where  
appropriate  with  a  quasipoisson  error  structure  to  account  for  overdispersion.  
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Non-­significant   terms   were   removed   and   the   resultant   minimum   adequate  
model  was  used  for  F  tests  for  significant   interactions  (Venables  and  Ripley,  
1994).    
  
Results  
As   expected   given   the   resistance   observed   within   soft   agar   overlays,   we  
found  a  clear  benefit  of  phage  resistance  when  measured   in  vitro  and  when  
bacteria  were  grown   in   the  presence  of   phage,  with   resistant   bacterial   lines  
reaching   much   higher   densities   at   24   hours   than   the   sensitive   ancestral  
genotype   (Figure   1a;;   General   Linear   Model,   F1,9=116.86,   p<0.001).  
Conversely,   and  more   surprisingly,   in   the   absence   of   phages   we   found   no  
difference  in  density  between  phage  resistant  and  sensitive  ancestor  (Figure  
1b;;  GLM,  F1,10=0.323,  p=0.58).  When  bacterial  densities  within  the  plant  host  
were  measured,  however,  we  found  a  clear  cost  of  resistance  in  the  absence  
of  phages  such  that  phage  resistant  bacteria  attained  lower  densities  after  24  
hours   than   did   the   sensitive   populations   (Experiment   1,   Figure   2a;;   GLM,  
F1,10=25.88,   p<0.001).   When   the   in   planta   experiment   was   repeated   in   the  
glasshouse,   this   time  sampling  after  1  and  2  days,  we   found  a  difference   in  
densities  after  24  hours,  but  not  48  hours  (Experiment  2,  Figure  2b;;  Kruskal-­
wallis  rank  sum  test,  χ21=4.33,  p=0.037  and  χ21=1.64,  p=0.2  respectively).    
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Figure  1.   In   vitro   bacterial   densities   of   resistant   mutants   (light   grey)   versus   their  
sensitive  ancestors  (dark  grey)  after  24  hours  in  the  presence  (A)  or  absence  (B)  of  
phages.  Densities  are  Log  10   transformed  and  error  bars  equal  1  standard  error  of  
the  mean.  
  
Sequencing  of  isolated  mutants  revealed  a  single  mutation  in  each  line  (Table  
1).   In   some   lines   these   mutations   were   found   to   be   identical,   suggesting  
standing  genetic  variation  in  the  ancestral  generation.  To  test  this  idea  further  
we  selected  another  9  phage  resistant  mutants  and  sequenced  the  same  rfbA  
gene.   This   revealed   a   mutation   in   the   same   gene,   although   at   a   different  
position,   in   only   1   of   the   8   lines   (1   line   failed   to   grow   following   freezing,  
preventing   sequencing).   This   result   supports   the   idea   that   mutations   in   the  
same  gene  may  occur,  but  mutations  at  identical  positions  likely  reflect  some  
standing  variation   in   the   initial  population  despite  bottlenecking  at   the  single  
colony  stage.  In  terms  of  gene  function,  the  mutations  found  in  rfbA  and  rfbD  
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are   likely   linked   to   LPS   synthesis   (Dasgupta   and   Lam,   1995;;   Nian   et   al.,  
2007).  In  one  case  this  represent  a  loss  of  gene  function  due  to  mutation  into  
a  stop  codon  while  in  the  other  an  amino  acid  substitution  (Table  1).    The  third  
mutation,  however,  was  found  to  be  an  insertion  in  a  region  with  no  predicted  
function.    
Table  1.  Phage  resistance  mutations   in  Pst  DC3000.  Each  3-­letter  code  refers   to  a  
phage  strain.  Selection  experiment  1  was  the  generation  of  the  phage  resistant  lines  
used   in   the   assays,   whilst   experiment   2   was   to   test   for   convergent   molecular  
evolution.  
  
Bacterial  
Line  
Mutation   Position   Gene   Selection  
experiment  
Mutation  
Effect  
     
FRS   C  è T   1184566   rfbA   1   Methionine  
è Isoleucine  
     
NOI   C  è T   1184566   rfbA   1   Methionine  
è Isoleucine  
     
SNK   C  è T   1184566   rfbA   1   Methionine  
è Isoleucine  
     
SHL   C  è T   1185429   rfbD   1   Tryptophan  
è   Stop  
codon  
     
WIL   C  è T   1185429   rfbD   1   Tryptophan  
è   Stop  
codon  
     
REC   CAGC  
insertion  
47222   No  
predicted  
function  
1   Frameshift        
NOI     T  è G   1184510   rfbA   2   Histidine  
è Proline    
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To  account   for   the  uneven  experimental  design  of   the  previous  experiments  
as   revealed   by   the   sequencing   (i.e.,   some   mutations   were   represented   in  
more  replicates  than  others,  as  they  were   initially   thought   to  be   independent  
mutations),   we   repeated   the   assays   using   just   one   line   representing   each  
class   of   mutations.   We   again   found   a   clear   reduction   in   phage-­resistant  
bacterial   densities   in   planta   relative   to   the   ancestral   phage-­sensitive  
phenotype  when  plant  and  time  were  controlled  for,  with  an  average  reduction  
in  density  of  around  24%  (Experiment  3,  Figure  2c;;  Generalized  mixed  effect  
model,   χ25=6.55,   p=0.0105).   We   also   repeated   the   in   vitro   element   of   the  
experiment  using  the  same  representative  bacterial   lines,   this   time  recording  
optical  densities  over  the  course  of  24  hours.  We  again  found  no  differences  
in  the  maximum  growth  rate  achieved  relative  to  the  sensitive   line  (Figure  3;;  
GLM,   F1,29=1.52,   p=0.23),   confirming   an   absence   of   costs   when   grown   in  
vitro.  In  addition,  post-­hoc  testing  did  not  reveal  any  difference  in  growth  rates  
among  the  three  mutations.  
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Figure  2.   In   planta   bacterial   densities   when   grown   in   the   absence   of   phages.   (A)  
Experiment  1,  where  the  mutant  lines  exhibit  reduced  densities  after  24  hours  but  not  
72  (B)  Experiment  2,  where  mutant  densities  are  consistently   lower   than   the  phage  
sensitive  ancestor,  and   (C)  Experiment  3,  where   the  sensitive  ancestor  also  exhibit  
lower  densities.  Densities  are  Log  10   transformed  and  error  bars  equal  1   standard  
error   of   the   mean.   Experiments   differed   in   the   time   points   at   which   density   was  
measured   and   Experiment   3   (C)   was   conducted   after   sequencing   using   only   the  
three  mutation  classes  
  
Figure  3.  Forty-­eight  hour  growth  curves  of  each  mutant  line  relative  to  the  ancestral,  
phage  sensitive  line  recorded  with  optical  density  readings  at  600  nm.  Shaded  areas  
represent  95%  confidence  intervals.  
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Discussion  
Our  key  finding  is  that  the  evolution  of  resistance  to  phages  can  carry  context-­
dependent   costs   with   direct   relevance   to   plant-­bacterial   interactions.   Under  
standard   laboratory   conditions,   we   found   no   differences   in   density   or  
maximum  growth   rates  of   sensitive   versus   resistant  mutants  when  grown   in  
the   absence   of   phages.   In   contrast,   when   grown   in   planta   the   resistant  
mutants   exhibited   reduced   densities   relative   to   the   sensitive   population   in  
each  of  three  experiments.  The  observed  cost  of  resistance  in  the  absence  of  
phages  is  in  keeping  with  a  body  of  theoretical  work  that  predicts  such  costs  
can   prevent   resistance  mutations   from   reaching   fixation   within   a   population  
(Agrawal   and   Lively,   2002;;   Flor,   1971;;   Sasaki,   2000).   Although   this   makes  
intuitive  sense,  such  costs  can  be  nuanced  by  the  presence  of  different  local  
fitness  peaks,   the  evolution  of  compensatory  mutations,  and  the  background  
evolutionary  contexts,  all  of  which  have  been  studied  more  extensively  in  the  
context   of   antibiotic   resistance   (Comas   et   al.,   2012;;   Melnyk   et   al.,   2014;;  
Tazzyman   and  Hall,   2015).  Whilst   there   are   parallels   to   be   drawn   between  
phage   resistance  and  antibiotic   resistance,   there  are   few  studies  empirically  
demonstrating   the   effects   of   phage-­resistance   evolution   in   eukaryotic   hosts.  
Phage   resistance   has   been   shown   to   attenuate   virulence   in  Yersinia   pestis  
infected  mice   (Filippov   et   al.,   2011)   and  Erwinia   carotovora   infected   potato  
tubers  (Evans  et  al.,  2010).  However,   in  these  studies  phage  resistance  was  
achieved   through   transposon   mutagenesis,   rather   than   exposure   to   a  
population   to   phages,   which   could   bias   towards   the   selection   of   loss   of  
function   mutations   rather   than   subtler   receptor   modifications.   Moreover,   as  
our  test  of  fitness  focused  on  growth  rate  per  se  rather  than  competitive  ability  
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(i.e.   head-­to-­head   competition),   our   measure   of   fitness   cost   is   likely   to   be  
conservative.    
Mechanistically,   the   costs   we   have   observed   seem   likely   to   have   arisen  
through   the   alteration   or   loss   of   a   phage-­binding   site   in   the   bacterial  
lipopolysaccharide   (LPS)   layer  as  a   result  of  mutations   in   the   rfbD  and   rfbA  
genes  and  an   insertion   into  a  gene  of  unknown   function.  Both   the   rfbD  and  
rfbA   genes   identified   through   our   genomic   work   are   involved   in   the   LPS  
biosynthesis  pathway  based  on   the  KEGG  orthology  database   (Kanehisa  et  
al.,   2014).   Such   LPS   mutations   are   frequently   associated   with   both   phage  
resistance   and   a   reduction   in   fitness   (Levin,   1985;;   Bohannan   et   al.,   2002;;  
Brockhurst  et  al.,  2005).  Our  results  therefore  have  implications  for  the  use  of  
phages   as   a   biocontrol   agent,   or   phage   therapy.   Broadly,   however   these  
results  emphasize  that  even  when  phage  application  “fails”   in  the  sense  that  
bacteria  are  able  to  rapidly  evolve  resistance,  the  evolved  population  is  likely  
to  have   lower   fitness  and  therefore  more   likely   to  either  be  out-­competed  by  
commensals  or  more  readily  dealt  with  by  the  host  immune  system.    
  
Conclusion  
In   the  natural  environment  phages  can  outnumber  bacteria  20:1   (Wommack  
and  Colwell,  2000)  and  therefore  selection  for  bacterial  resistance  to  phages  
should   be   strong.   Despite   this,   infective   phages   are   routinely   isolated   from  
bacterial  communities  (Prigent  et  al.,  2005;;  Suttle,  2005;;  Koskella  et  al.,  2011;;  
Lu   et   al.,   2012),   suggesting   that   the   evolution   of   resistance   may   reduce  
competitive   ability   and   therefore   not   be   maintained   under   relaxed   phage-­
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mediated   selection.   Our   results   from   bacterial   populations   grown   within   the  
plant  leaf  support  this  hypothesis,  and  show  that  resistance  to  phage  infection  
does  indeed  appear  to  be  costly.  The  fact  that  we  only  observed  these  costs  
within   the   plant   host,   and   not   in   vitro   implies   they  may   be  more   frequently  
observed  in  natural  systems  than  has  been  reported  in  laboratory  systems.  As  
such,   laboratory  estimates  of   fitness  may  miss  crucial  mutational  effects  not  
just  quantitatively  but  qualitatively.      
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Chapter   4:   Genomic   characterization   of   four   novel   phages   and   their  
potential  for  agricultural  phage  therapy    
  
Abstract  
The   prevalence   of   antibiotic   resistance   is   increasing   and   new   antimicrobial  
therapies  are  required  for  the  treatment  of  bacterial  infections.  The  therapeutic  
use   of   bacteriophages   to   control   bacterial   pathogens   shows   great   promise,  
and  has  been  successfully  used  since  the  1920s,  however  the  development  of  
new   therapies   is  both   time  consuming  and  expensive.   In   this  paper,  we   first  
characterize   four   novel   phages   using   whole   genome   sequencing   and  
transmission  electron  microscopy.  We  then  demonstrate  that  a  simple,  in  vitro  
assay   can   be   used   to   infer   effectiveness   in   reducing   bacterial   densities   in  
tomato   plant   infections   of  Pseudomonas   syringae.  Genomic   screening   finds  
no   properties,   such   as   antibiotic   resistance   genes   or   virulence   factors,   that  
would  preclude   the  use  of   these  phages   in   agricultural   usage.  Phylogenetic  
analysis   places   these   phages  with   other  P.syringae   associated   phages   and  
electron  microscopy  reveals  a  mix  of  morphologies.    
  
Introduction  
Bacterial   infections   in   agriculture   cause   widespread   economic   damage   and  
threaten  global  food  security.  In  Italy,  farmers  are  facing  vast  economic  losses  
through   the   infection  of  olive   trees  by  Xylella   fastidiosa  and   this  epidemic   is  
predicted   to   spread   throughout  Europe   (EFSA,   2015).  Kiwi   fruit   farmers  are  
facing  the  threat  of  Pseudomonas  syringae  infections  (Scortichini  et  al.,  2012)  
and   European   potato   crops   are   at   risk   from   a   new  Dickeya   species   strain  
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(Toth   et   al.,   2011).   The   current   crisis   in   antibiotic   resistant   organisms   has  
recently  been  described  as  ‘the  perfect’  storm,  with  an  increasing  prevalence  
of  antibiotic  resistant  bacteria  in  both  the  clinic  and  environment  (Payne  et  al.,  
2015;;  Woolhouse   et   al.,   2015).   A   dearth   of   new   antimicrobial   drugs   in   the  
pharmaceutical   pipeline,   coupled   with   decreasing   investment   in   drug  
discovery,  means  the  situation  is  unlikely  to  change  soon  (Payne  et  al.,  2015).  
As  a  result,  there  is  a  desire  to  keep  effective  treatments  confined  to  only  the  
most   important  healthcare  scenarios  and  a  drive   to   implement  new   forms  of  
antimicrobial  therapy  (Laxminarayan  et  al.,  2013).  New  approaches  to  treating  
bacterial  infections  in  agricultural  plants  are  urgently  required.    
  
One   promising   alternative   is   the   use   of   bacteriophages   (phages   herein)   to  
control  bacterial  pathogens.  Phages  are  the  viruses  that  infect  bacteria,  often  
obligately   lysing   the   bacterial   cell   in   order   to   transmit   to   the   next   host.  
Because   of   this   lytic   property   they   can   be   harnessed   to   clear   bacterial  
infections   (Smith   and   Huggins,   1982;;   Fujiwara   et   al.,   2011;;   Cohen   et   al.,  
2013;;  Jaiswal  et  al.,  2013;;  James  et  al.,  2015).  However,  due  to  the  specificity  
of   most   phages   relative   to   a   single,   “silver   bullet”   antibiotic,   multi-­phage  
cocktails  are  typically  required  for  treatment  (Skurnik  et  al.,  2007).    
  
In   the   present   study,   we   characterize   4   phages   capable   of   infecting  
Pseudomonas   syringae   pv.   tomato.   We   first   determine   and   analyse   whole  
genome   sequences   to   assess   deleterious   properties   likely   to   preclude   their  
use   as   therapeutic   agents,   using   a   methodology   similar   to   (Kawato   et   al.  
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2014).  We  then  confirm  in  vivo  efficacy  of  these  phages  at  reducing  bacterial  
densities  and  present  the  results  of  a  small  in  vitro  study,  using  these  phages.    
Whilst   the   isolation   of   novel   phages   is   relatively   easy,   given   their   high  
abundances   in   sewage,   the   typical   source   for   collection,   clearing   the  
regulatory  hurdles  for  phage  therapy  can  be  difficult  and  expensive  (Verbeken  
et   al.,   2007).   One   key   concern   of   regulators   is   that   many   phages   are   not  
innocuous,  with  many  prophages  encoding  virulence  factors  harmful  to  human  
health   (Christie   et   al.,   2012;;   Kuhl   et   al.,   2012)   thus   requiring   genomic  
characterization   prior   to   use   (Chan,   Abedon   and   Loc-­Carillo,   2013).  
Furthermore,   phages   not   only   harbor   antibiotic   resistance   genes   (Colomer-­
Luc  et  al.,  2011)  but  antibiotic  treatment  may  increase  the  frequency  of  gene  
transfer  (Modi  et  al.  2013).    
  
We   then   test   these  phages   in   vitro,   to   confirm  efficacy  at   reducing  bacterial  
densities,   as   is   common   in   most   phage   therapy   pipelines.   However,   as  
reviewed  in  Bull  and  Gill  (2014),  the  evidence  for  a  correlation  between  phage  
clearing  of  bacteria   in   liquid  culture  and   in  vivo  success  is  mixed  (Smith  and  
Huggins,   1982;;   B.   Balogh   et   al.,   2010;;   Henry   et   al.,   2013a;;   Tsonos   et   al.,  
2014).  It  is,  however,  a  simple  and  inexpensive  method  that  appears  to  show  
at  least  as  much  power  as  more  fine  scale  measurements  of  phage  life  history  
traits.   In  Drosophila   infected  with  P.   aeruginosa,   in   vitro   phage   growth   rate  
was   found   to  be  a  good  predictor  of   survival   time  despite  no  effect  of  other  
phage   life   history   traits,   such   as   adsorption   rate,   burst   size   or   lysis   time  
(Lindberg  et  al.,  2014).  Similarly,  while  there  is  some  evidence  for  success  of  
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phages   in   clearing  E.   coli   from   a  mouse   lung  model   (Henry   et   al.,   2013b),  
other  studies  found  an   inability  of  phage  to   lyse  cells   in  vivo,  despite   in  vitro  
efficacy,  due  to  variation  in  bacterial  metabolic  state  within  the  host  (Chibani-­
Chennoufi   et   al.,   2004)   or   a   reduced   efficacy   in   vivo   despite   similar  
performance   in   vitro   (Bull   et   al.,   2012).   We   set   out   to   test   whether   phage  
success  in  bacterial  microcosms  was  indicative  of  success  in  tomato  leaves.  
There   are   a   number   of   studies   focused   on   the   ecological   and   evolutionary  
interactions   between  P.   syringae   and   phages   both   in   the   lab   (Lythgoe   and  
Chao,  2003;;  Koskella  et  al.,  2012a)  and  in  nature  (Koskella  et  al.,  2011)  and  
we  aimed  to  build  on  this  work  with  an  applied  perspective  for  phage  therapy  
in   agriculture.   We   also   present   electron   micrograph   images   confirming   the  
morphology   inferred   from  genome  analysis  and  construct  a  phylogeny  of  all  
the   T7-­like   phages   to   determine   their   placement   among   currently  
characterized  phages.  
  
Methods  
Study  system  
Pseudomonas  syringae   is   a  Proteobacteria   species   complex   that   comprises  
multiple   pathovars   collectively   capable   of   infecting   a   wide   range   of   hosts  
including   tomato   (Zhao   et   al.,   2003),   kiwi   (Mazzaglia   et   al.,   2012),   horse  
chestnut   (Green   et   al.,   2010),   olive   (Young,   2004),   soybeans   (Zhou   et   al.,  
2011)  and  wheat  (Toben  et  al.,  1989).  The  molecular  basis  of  infection  is  well  
understood,   primarily   through   extensive   study   of   interactions   between  
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P.syringae  pv.  Tomato   (Pst)  DC3000  and  Arabidopsis   thaliana   (Xin  and  He,  
2013).    
  
All   phages  were   isolated   from  sewage  and   tested   for   infectivity  against  Pst.  
They   were   diluted   to   a   single   plaque   using   the   plaque   assay   technique  
(Kropinski  et  al.,  2009).  We  used  two  strains  (DC3000  or  PT23)  of  Pst  as  the  
host   for   maintaining   stock   cultures,   as   all   phages   displayed   full   cross-­
infectivity.  Bacterial  cultures  were  always  grown  using  King’s  B  broth  and  agar  
and  grown  at  28  C.      
  
In  vitro  and  in  vivo  assays  
Phage   inocula  were   standardized   to   ~50   x   105   PFU/mL   and   50   μl   was   co-­
inoculated  with  25  μl  of  Pst  PT23  at  a  concentration  of  109  x  106  CFU   /mL  
resulting   in  a  multiplicity  of   infection   (MOI)  of  ~0.023.  This   co-­inoculum  was  
added   to   25  ml   glass  microcosms   containing   6  ml   of   KB   broth   in   triplicate,  
including  appropriate  positive  and  negative  controls.  Cultures  were  shaken  at  
180  rpm  and  incubated  at  28  C.  Samples  were  collected  after  24,  48  and  96  
hours.   Bacterial   densities   were   calculated   by   counting   colony   forming   units  
following  10-­fold  dilution  series.  Phages  were  collected  by  removing  450  μl  of  
culture,  adding  50  μl  chloroform,  vortexing  for  30  seconds  and  centrifuging  for  
4   minutes   at   12,000   rpm.   Phage   densities   were   calculated   using   a   10-­fold  
dilution   series   and   plaque   assay.   Six   tomato   plants   of   the   moneymaker  
cultivar  were  grown   for  3  weeks   in  a  heated  glasshouse  at   the  University  of  
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Exeter,  Cornwall  campus.  30  ml  of  Pst  PT23  overnight  culture  was  pelleted  by  
centrifugation  at  3500  rpm  for  5  minutes.  The  cells  were  then  re-­suspended  in  
10  mM  MgCl2   to  prevent   the   inoculation  of  KB  medium  into  the   leaf.  Prior   to  
inoculation  phage  stocks  were  diluted  to  a  final  concentration  of  between  1-­3  
X  106  PFU/ml.    
       
For   each   plant,   a   total   of   7   leaves   were   inoculated   with   the   following  
suspensions:  each  of  the  three  co-­inocula  (i.e.  each  phage  and  Pst  PT23),  a  
negative  control  (just  buffer)  and  two  positive  controls  (Pst  PT23  and  buffer).  1  
ml  of  the  various  inoculation  suspensions  was  dispensed  into  a  blunt  syringe  
and  pressure  infiltrated  injected  into  the  leaf  the  leaf  underside;;  approximately  
a   2   x   2   cm   area   was   infected   for   each   leaf.   Each   inoculum   was   mixed  
immediately  prior  to   infiltration  to  minimize  phage  binding  outside  of  the  leaf.  
Samples   were   collected   at   24,   48   and   96   hours   using   a   6   mm   diameter,  
ethanol  sterilized  hole  punch  and  stored  and   frozen  at  –  20  C   in  phosphate  
buffer  supplemented  with  20%  glycerol.  These  were  then  snap-­thawed  at  37  
C   and   homogenized   using   a  FastPrep   (MP  Biomedicals)   tissue   lyser   and   2  
ceramic   beads.   Serial   dilutions   were   plated   to   determine   approximate  
bacterial  density.  Colonies  were  counted  after  48  hours  of  incubation  at  28  C.    
  
Genomic  screening  
For  phages  FRS  and  LJA,  high  titer  lysates  were  obtained  using  Amicon  filters  
as  described  above.  1  ml  of   this  concentrated   lysate  was  added   to  20  μl  of  
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nuclease  mix  (5  ml  filter-­sterilized  glycerol,  150mM  NaCl,  25μl  of  Proteinase  K  
(20mg/ml)  and  dd  H2O  to  10  ml).  This  was  incubated  at  37  C  for  30  minutes  
then   added   to   a   precipitation   buffer   (20%   PEG   8000/2.5M   NaCl).   DNA  
extraction   was   conducted   using   a   Wizard   kit   (Promega)   with   a   protocol  
adapted   from   Holmfeldt   et   al.   (Holmfeldt   et   al.,   2013b)   and   sent   to   the  
University  of  Exeter  Sequencing  Service  for  250  bp  paired  end  MiSeq  Illumina  
sequencing.      For   phage   VCMb   and   Shl2   DNA   was   extracted   from   1   ml   of  
fresh   lysate   using   a   modified   phenol:chloforom   method.   Briefly,   cell   debris  
was   pelleted   by   centrifugation   at   13,000   g   for   10   minutes   at   4   C.   The  
supernatant  was   extracted   and   transferred   to   a   fresh   tube   and   the   process  
repeated.   Again   the   supernatant   was   extracted   and   mixed   with   an   equal  
volume  of  phenol  (pH  8),  vortexed  for  30  sec  prior  to  centrifugation  at  13,000  
g  for  10  min  at  4  C.  The  aqueous  layer  was  extracted  and  mixed  with  an  equal  
volume  of  phenol:chloroform  (1:1),  vortexed  for  30  sec  prior  to  centrifugation  
at   13,000   g   for   10   min   at   4   C   .   Finally   the   aqueous   layer   was   extracted  
and  mixed   with   an   equal   volume   of   phenol:chloroform:isoamlyalcohol  
(25:24:1),  vortexed  for  30  sec  prior  to  centrifugation  at  13,000  g  for  10  min  at  
4   C   .   The   aqueous   layer   was   extracted,   mixed   with   1/10th   volume   7.5   M  
Ammonium  Acetate,  and  2  volumes  of  ice  cold  ethanol,  prior  to  centrifugation  
at  13,000  g   for  30  min  at  4  C   the  DNA  was  precipitated  at   -­20  C.  The  DNA  
pellet  was  washed  twice  in  70%  ethanol,  dried  and  resuspended  in  nuclease-­
free  water,  prior  to  quantification  with  Qubit.  DNA  was  diluted  to  a  0.2  ng  ul-­1  
and  the  standard  NexteraXT  used,  following  the  manufacturer's  instructions.    
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Quality   filtering  was  performed  using  Sickle  using  default   parameters   (Joshi  
and   Fass,   2011).   Scanning   all   reads   with   the   Kraken   program   against   the  
standard  database  (Wood  and  Salzberg,  2014)  verified  the  presence  of  phage  
and  host  DNA.  Assembly  was  performed  with  SPAdes  3.0  (Bankevich  et  al.,  
2012).  Assembled  contigs  were  then  used  as  a  reference  sequence  and  the  
original   reads   were   mapped   back   using   bwa-­mem   (Li   and   Durbin,   2009).  
Manipulation  of  SAM  and  BAM  format  files  was  carried  out  with  samtools  (Li  
et   al.,   2009).   Coverage   histograms  were   generated  with  Qualimap   (García-­
Alcalde  et  al.,  2012).  Contigs  with  a  much  greater  depth  of  coverage  relative  
to   contaminant   host   sequences   are   likely   to   be   phage  genomes.  Candidate  
contigs   were   annotated   using   Prokka   1.9   (Seemann,   2014)   with   a   custom  
reference   database   constructed   from   all   viral   proteins   within   NCBI   (23rd  
October,  2014)   (Chan  et  al.,  2014).   In  all  cases  phage  genomes  assembled  
into  a  single  contig.    
  
A   core   T7   genome   was   defined   by   retrieving   the   top   60   phage   whole-­
genomes   on  NCBI   using   the   DNA   polymerase   of   one   of   our   T7-­like   phage  
(FRS)  as  a  marker  gene.  A  reciprocal  blast  of   ‘all  against  all’  was  performed  
on   the  concatenated  dataset  of   these  proteins   to  produce  a  core  proteome.  
Using   the   blast   all-­vs-­all   results,   groups   of   corresponding   queries   and   blast  
hits  were  formed.  If  a  phage  appeared  twice  in  one  group,  due  to  it  containing  
multiple  homologous  protein  sequences  to  the  query,  only  the  sequence  with  
the  lowest  e-­value  was  grouped  and  the  other  discarded.  After  grouping,  only  
homology  groups  with  a   total   of   51  blast   hits  per  query  were  selected.  This  
allowed  identification  of  homology  groups,  that  contained  genes  shared  by  all  
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phages   with   high   confidence.   The   top   three   protein   hits   were   used   to  
reconstruct   a   phylogeny   of   the   T7-­like   phages   and   corresponded   to   a  
primase/helicase  group,  a  DNA  polymerase  group  and  an  exonuclase  group.      
  
Protein  sequences  for   the  three  homology  groups  were  downloaded  and  the  
sequences   for   each   group   were   separately   aligned   in   MAFFT   (Katoh   and  
Standley,  2013)  using  G-­INS-­I  algorithm.  After  alignment,  the  three  alignment  
files  were  concatenated  in  SeaView  (Gouy  et  al.,  2010)  and  the  supergene  file  
was  then  used  to  generate  a  maximum  likelihood  tree  in  PhyML  (Guindon  and  
Gascuel,  2003).  A  bootstrap  value  of  250  was  used  with  sub-­tree  pruning  and  
re-­grafting.  Blosum  62  was   used   as   the   amino-­acid   substitution  model.   The  
resulting   250   bootstrap   trees   were   run   through   consense   from   the   phylip  
package  (Felsenstein,  1993)  to  produce  a  single  consensus  from  all  bootstrap  
trees.   The   tree   file  was   given   an   arbitrary   root   of  Ralstonia   phage  RSB2   in  
Dendroscope   (Huson   and   Scornavacca,   2012),   exported   and   rescaled   in  
Inkscape  (www.inkscape.org).      
  
Microscopy  
High   titer  viral   lysates  were  produced  by   filtering  6  ml  of   lysate   through  100  
kDa  Amicon   filters   (Merck)  and  centrifuged  at  3500   rpm   for  8  minutes.  This  
was   followed   by   a  wash   step   of   6  ml   of   1  M   ammonium   acetate,   repeated  
three  times.  To  remove  phages  lodged  to  the  membrane,  2  ml  of  ammonium  
acetate   was   added   to   the   filters,   vortexed   for   30   seconds   and   centrifuged.  
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Carbon   coated   copper   TEM   grids   were   glow   discharged   at   20   mA   for   60  
seconds.   4   μl   of   phage   concentrate   for   each   strain   was   dispensed   on   a  
separate   grid   and   left   to   adsorb   for   120   seconds.   2%   uranyl   acetate   was  
added  to  each  grid  for  30  seconds  and  the  excess  removed.  All  grids  were  left  
to   dry   for   1   hr   and   then  examined  under   a   JOEL-­120   kv  TEM  at   120   kv   to  
acquire  images  at  the  University  of  Exeter’s  bioimaging  unit.    
  
Results  
Genomic  and  microscopy  characterization  
Crucially,  we  did  not   find  any   resistance  genes  or   virulence   factor  encoding  
genes  in  any  of  our  phage  genomes,  so  none  would  be  precluded  for  use  as  a  
biopesticide   at   this   step   in   the   pipeline.   A   qualitative   comparison   of   the  
genome   annotations   provides   some   striking   similarities   among   some   of   the  
phages,   and   divides   them   into   two   distinct   groups   (Table   1).   Three   of   the  
phages   (Shl2,   FRS   and   VCMb)   have   ~40   kb   genomes  with   the  majority   of  
annotated  genes  having  a  best  match  with  Pseudomonas  phage  Psa  (Figure  
1)   and   are   likely   to   be   members   of   the   Podoviridae   or   Siphoviridae.   Their  
gene   content   consists   of   DNA   replication   machinery   such   as   DNA  
polymerase,  helicase,  RNA  polymerase  and  DNA  ligase,  structural  units  such  
as   a   major   capsid   protein,   tail   fibers   and   connectors   and   a   type   II   holin  
system.   Phage   LJA   has   a   much   larger   genome   (96   kb)   consistent   with  
members   of   the   Myoviridae   (Table   1);;   however,   the   annotated   genes   are  
primarily  hypothetical  proteins.  Our  annotation  found  an  RNA  ligase,  lysin  and  
a  number  of   transfer  RNAs.  The  absence  of  any  phage-­structure  associated  
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genes   such   as   capsid   and   tail   proteins   suggests   that   this   phage   is   highly  
divergent   to   the   others.   Our   microscopy   results   are   in   consensus   with   the  
genomic  data   (Figure  2;;  Table  1).  LJA   is  a  member  of   the  Myoviridae,  FRS  
the   Podoviridae   and   Shl2   and   VCMb   the   Siphoviridae.   Based   on   our  
phylogeny   all   the   phages   in   this   study   cluster   with   other   Pseudomonas  
associated  phages,  however  a  number  of  phages  show  no  host  clustering,  the  
implications  of  which  are  discussed  below.    
  
In  vivo  and  in  vitro  assays  
Co-­inoculation   with   phages   significantly   decreased   bacterial   population  
density   across   both   experimental   environments   (GLM,   F1,140=13.963,  
p=0.000271),   although   the   effect   size   was   relatively   small   (Standardized  
mean   difference,   d=0.29,   95%  CI=0.008,0.57).   Unsurprisingly,   we   found   an  
effect  of  environment,  with  bacteria  reaching  higher  densities  in  leaf  samples  
as  compared  to  the  liquid  media  (GLM,  F1,140=274.92,  p<0.0001),  likely  due  to  
differences   in  sampling  methodologies   rather   than  absolute  abundances.  To  
control  for  these  sampling  differences  we  examined  the  population  doublings  
between   24   and   48   hours   (average  Malthusian   parameter   per   phage   strain  
replicate)  and  found  no  effect  of  environment  (GLM,  F1,7=2.28,  p=0.182)  and  
the   result   was   qualitatively   the   same   when   the   24-­hour   growth   rate   was  
scaled   by   population   size   (GLM,   F1,7=0.0172,   p=0.899).   Inclusion   of   this  
environment   covariate   in   the   model   was   to   control   for   the   difference   in  
conditions   and   sampling   rather   than   explicitly   test   it.  We   found   no   effect   of  
time  on  bacterial  densities  suggesting  the  population  had  reached  some  form  
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of   equilibrium   by   24   hours   (GLM,   F1,140=0.0116,   p=0.915).   Importantly,   we  
found  no  significant   interaction  between  phage  application  and  environment,  
implying   that   in  vitro  performance   is   indicative  of   in  vivo  performance   (GLM,  
F1,94=0.0079,  p=0.99).  
In  the  phage  treatment  samples,  controlling  for  environment  effects,  we  found  
a   significant   effect   of   phage   strain   on   bacterial   density   (GLM,   F1,94=4.036,  
p=0.0095).  Phage  FRS  appears  to  perform  best  at  reducing  bacterial  density,  
followed  by  phage  Shl2,  VCM  and  LJA.  We  found  no  interactions  among  the  
phage   strains   and   environment   (GLM,   F1,94=0.0079,   p=0.99),   again  
suggesting  that  at  the  individual  phage  level,  in  vitro  performance  is  correlated  
with   in   vivo   performance.   As   a   conservative   test   against   sampling   bias,  
removing   all   data   points   recorded   as   zero   didn’t   qualitatively   change   these  
results.   When   the   two   environments   were   analysed   individually,   the   main  
effect   of   phage   presence  was   still   significant   but   the   strain-­level   effect   was  
not,   suggesting   the  magnitude   of   these   differences  was   too   small   to   detect  
with  our  level  of  statistical  power  when  the  data  were  divided.    
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Figure  1.  Phylogeny  of  T7-­like  phages,  with  the  three  used  in  this  study  highlighted  in  
red.   The   top   60  whole   phage   genomes,   based   on   closest   blast  match   to   our   FRS  
DNA  polymerase  gene  were  downloaded  from  ncbi.  3  genes  were  used  to  construct  
the   tree:   primase   /   helicase,   DNA   polymerase   and   exonuclease   in   PhyML   with   a  
bootstrap  value  of  250.    
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Figure   2.   Electron   micrograph   images   of   the   candidate   phages.   FRS,   Shl2   and  
VCMb   have   characteristic   Podoviridae   and   Siphoviridae   morphology   respectively  
whilst  LJA  exhibits  morphology  more  typical  of  the  Myoviridae.  This  is  in  keeping  with  
the  genome  sizes  from  the  sequencing  experiment.  Scale  bar  is  100nm.    
  
Discussion  
Phage  therapy  holds  promise  as  an  alternative  to  antibiotic  therapy  due  to  the  
diversity  and  abundances  of  phages  in  the  natural  environment  (Clokie  et  al.,  
2011).  However,  the  challenge  of  bringing  an  antimicrobial  therapy  to  market,  
be   it   a   lytic   phage   or   an   antibiotic   compound   faces   many   hurdles   in  
development  and   regulation.  A  key  hurdle   is  demonstrating   that  phages  are  
safe   to   enter   the   environment,   and   one   criterion   is   that   they   do   not   harbor  
Shl2 FRS
LJA VCM
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genes   potentially   deleterious,   should   they   be   inserted   into   a   bacterial  
pathogen’s  genome.  Our  genomic  characterizations  suggest  that  the  phages  
we   have   characterized   meet   this   criterion   as   we   did   not   identify   any   such  
deleterious   genes.   As   noted   by   Bull   and   Gill   (Bull   and   Gill,   2014),   simple  
screens   to   identify   the  most  promising  candidate  phages  are  required  at   the  
start  of  the  process.  Our  evidence  adds  to  the  growing  body  of  research  that  
compare  the  effects  of  phage  therapy  in  vitro  and  in  vivo  (Smith  and  Huggins,  
1982;;  Chibani-­Chennoufi  et   al.,   2004;;  Balogh  et   al.,   2010;;  Bull  et   al.,   2012;;  
Henry  et  al.,  2013b;;  Tsonos  et  al.,  2014).    
  
Screening  for  virulence  factors  
A   previously   reported   concern   for   the   therapeutic   use   of   phages   is   their  
propensity  for  facilitating  horizontal  gene  transfer  among  bacterial  strains,  with  
the   most   pressing   concern   regarding   the   transfer   of   antibiotic   resistance  
genes   (Colomer-­Lluch  et  al.,  2011).  With   relevance   to  using  phages   to   treat  
plant   pathogen   infections,   there   may   be   a   hazard   in   the   transmission   of  
virulence  factors   that   increase  the  severity  of   infections  or  genes   that  confer  
resistance   to   commonly   used   treatment   strategies,   such   as   streptomycin   or  
copper  (Stockwell  and  Duffy,  2012).  We  failed  to  identify  any  virulence  factors  
or   resistance   genes   that   could   prevent   the   use   of   these   phages   as   a  
biopesticide.  If  genome  sequencing  and  annotation  reveals  a  high  number  of  
hypothetical   proteins,   as   was   the   case   for   2   of   our   phages,   it   may   not   be  
possible   to  categorically  exclude  the  carriage  of  undesirable   traits.  However,  
genes   involved   in   antibiotic   resistance   and  metal   tolerance   are   likely   to   be  
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host-­derived   where   functional   annotation   is   better,   particularly   in   a   well-­
studied   pathogen   such   as  Pst.  Whilst   this  may   be   problematic   in   less  well-­
studied  organisms,  the  ability  to  identify  a  small  number  of  known  proteins  is  
still   beneficial.   The   sequence   data   generated   for   screening   for   undesirable  
traits  also  lends  itself  to  building  phylogenies  with  the  aim  of  identifying  closely  
related   phages   that   could   also   be   of   therapeutic   use.   By   incorporating   our  
sequence  data  with   readily   available   phage  whole  genomes   from  NCBI,  we  
created   a   phylogeny   of   our   phages.   We   found   that   host   taxonomy   was,  
unsurprisingly,   a   good   predictor   of   phage   relatedness   with   Vibrio   and  
Enterobacteriaceae   infecting   phages   clustering   into   distinct   clades.  
Nonetheless,   such   phylogeny   building   could   add   value   to   phage   screening  
pipelines  given  the  existing  sequence  data  generation.  
  
tRNAs  in  phage  genomes  
The   presence   of   tRNAs   in   the   larger   phage   genome   (LJA)   suggests   that,  
despite   infecting   the   same   hosts   as   the   smaller   phage   genomes,   the  
mechanisms  of  infecting  and  replication  may  differ.  Bailly-­Bechet  et  al.  (Bailly-­
Bechet   et   al.,   2007)   inversely   correlated   the   presence   of   tRNAs   in   phage  
genomes   with   their   presence   in   the   bacterial   host   genome.   This   negative  
correlation  suggests  that  where  they  are  lacking,  phages  are  ‘supplementing’  
the  host  with  tRNAs  for  replication  and  conferring  higher  virulence.  It  has  also  
been   suggested   that   the   presence   of   such   tRNAs   allows   the   phage   some  
plasticity  in  host  range  as  a  mechanism  for  compensating  for  different  codon  
bias   (displayed   as   GC   bias)   among   hosts   (Enav   et   al.,   2012).   This   is  
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anecdotally  supported  by  the  presence  of  such  tRNAs  being  found  in  a  broad  
host   range  Erwinia-­infecting   phage   (Lehman  et   al.,   2009)   and  may   deserve  
further  investigation  when  selecting  phages  to  comprise  a  cocktail  combining  
both  specialist  and  generalist  phages.    
  
  
Experimental  assays  
Our  small-­scale  study  aimed  to  compare  the  results  from   in  vitro  assays  with  
those   conducted   in   vivo.   We   found   an   obvious   effect   of   phage   treatment  
across  both  the   in  vitro  and   in  vivo  experiments.  Whilst  significant,   the  effect  
size   wasn’t   large,   highlighting   the   need   for   optimization   of   delivery   and  
formulation   prior   to   application.   Importantly,   we   found   that   there   was   no  
interaction  between  phage  treatment  and  environment  (i.e.  in  vitro  or  in  vivo).  
This   means   that   the   effect   of   phage   treatment   is   predictable   between  
environments.  Our   finding  of   among  phage-­isolate  differences   indicates   that  
the   traits   of   some   phages   may   be   more   suited   than   others   for   use   as   a  
therapeutic   agent   or   biopesticide.   Most   phage   therapy   is   delivered   as   a  
cocktail  of  multiple  phages  in  order  to  broaden  the  specificity  of  the  number  of  
bacterial  strains   lysed  (Chan  et  al.,  2013;;  Schmerer  et  al.,  2014).  Therefore,  
the  combination  of  selecting  the  most  efficient  phages  coupled  with  a  diverse  
range   of   hosts   could   form   a   powerful   approach   in   tackling   polymicrobial  
infections.  Again,  we  found  that  these  strain-­level  differences  were  the  same  
among   environments,   suggesting   the   in   vitro   assay   is   a   good   screen   for  
effectiveness.   A   high-­level   indicator   of   efficiency   in   phage   therapy,   for  
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example  using  genome  size  as  a  marker  or  a  phylogenetic  lineage  performing  
particularly   well,   would   be   an   invaluable   tool   for   phage   therapy.   Yet   our  
genomic   analysis   did   not   yield   any   obvious   characteristics   indicative   of  
success,  however  the  three  most  effective  phages  were  T7-­like  and  the  worst  
performing   phage   had   a   T4-­like   morphology.   We   were   unable   to   test   this  
statistically  with  only   a   single   representative  of  T4-­like  phages  but   this   area  
warrants  further  investigation,  as  simple  markers  could  greatly  accelerate  the  
process  of  selecting  viable  phage  therapy  agents.    
  
Predicting   the   dynamics   of   bacteria-­phage   interactions   has   previously   been  
described   as   unintuitive   to   model   due   to   phages   essentially   being   a   self-­
replicating  pharmaceutical   compound   (Payne  and  Jansen,  2000).  Whilst   the  
two   environments   were   comparable,   the   dynamics   differed   somewhat.   We  
speculate  that  the  observed  difference  in  dynamic  in  our  system  could  be  the  
result  of  contrasting  spatial  structures  between  environments.   In  the  shaken,  
liquid  media,  phages  have  the  potential  to  come  into  contact  with  all  bacteria,  
whereas  in  the  leaf,  contact  rates  are  constrained  and  may  not  allow  a  large  
reduction   in   density.   Interestingly,  we   found   no  main   effect   or   interaction   of  
time  on  bacterial  densities  suggesting   that  our  phages’  effectiveness  did  not  
improve   or   degrade   over   time.   This   experiment   only   investigated   the   short-­
term  (up  to  4  day)  dynamics.  Co-­evolutionary  rather  than  ecological  dynamics  
may   be   less   predictable   (Levin   and   Bull,   2004)   and   considering   the  
evolutionary   implications  of  phage   therapy   is   important  as   it  could  extend  or  
reduced   the   effectiveness   of   treatment.   On   one   hand   bacteria   frequently  
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evolve  resistance  to  phages,  but  counter-­adaptation  from  phages  may  extend  
the  lifetime  of  a  treatment  (Stearns,  2012;;  Allen  et  al.,  2014).  
  
  
  
  
Figure  3.  Strain   level  variation   in  phage  efficacy  at  reducing  bacterial  density.  PT23  
(red)   is   the   bacterial   control   where   no   phages   were   added.   In   both   cases,   the  
difference  between  Pst  PT23  density  is  significantly  higher  in  the  absence  of  phages.  
These  data  are  from  all  3  timepoints  surveyed.    
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Figure  4.  In  vivo  and  in  vitro  dynamics  of  phage  treatment  across  4  days  measured  
by   bacterial   density.   CFU   per   ml   is   bacterial   count   from   homogenized   leaves   and  
liquid  media  in  vivo  and  in  vitro  respectively.  The  Y  axis  is  shown  on  a  log10  scale.    
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Table  1.  Genomic  properties  of  the  sequenced  candidate  phages.  
  
Future  directions  
Further   research   is   required   to   address   the   long   term   efficacy   of   phage  
therapy  as  the  evolution  of  resistance  mechanisms  to  phages  is  likely  (Ormälä  
and   Jalasvuori,   2013).   It   may   be   possible   to   forecast   the   frequency   of  
resistance  evolution  if  predictors  such  as  host  population  size,  phage  mutation  
rates   and   environmental   conditions   such   as   resource   limitation   are   known  
(Levin   and   Bull,   2004).   In   this   study,   we   examined   phages   individually,  
however   there   is   scope   for   synergy,   whereby   the   cumulative   effects   are  
greater  than  the  individual  (Schmerer  et  al.,  2014)  or  the  reverse,  interference,  
where   the   presence   of   two   phages   reduces   the   performance   of   a   one  
(Delbrück,   1945).   Furthermore,   research   on   the   interaction   between   host  
physiology  and  phage  movement  is  yielding  important  discoveries  (Barr  et  al.,  
Phage	  Name	   Family	   Genome	  size	  
(bp)	  
Number	  of	  
Genes	  
tRNA	   Host	  
FRS	   Podoviridae	   40242	   48	   0	   P.syringae	  pv.	  tomato	  DC3000	  
LJA	   Myoviridae	   96314	   174	   19	   P.syringae	  pv.	  tomato	  DC3000	  
Shl2	   Myoviridae	   40466	   50	   0	   P.syringae	  pv.	  tomato	  DC3000	  
VCMb	   Myoviridae	   40402	   49	   0	   P.syringae	  pv.	  tomato	  DC3000	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2015),   and   could   add   another   dimension   to   the   way   we   select   phage  
therapeutic  agents.  
  
Conclusion  
Our  whole-­genome   sequencing   of   four   novel   phages   found  no   evidence   for  
the  presence  of  virulence  factors,  but  highlights  some  limitations  in  the  use  of  
genomic  screens  for  predicting  success  as  a  phage  therapy  agent.  We  have  
demonstrated   that   a   simple   in   vitro   assay   of   phage   efficiency   at   reducing  
bacterial  density  can  predict   in   vivo   performance   for  phage  use  against   leaf  
pathogenic  bacteria.  Such  assays  are  fast,  simple  and  cheap  to  perform,  and  
could   be   a   useful   tool   in   areas   without   access   to   novel   antibiotics   or   large  
phage   libraries.   Felix   d’Herelle   successfully   treated   cholera   patients   with  
phages   using   similarly   basic   techniques;;   in   the   genomic   era   we   can   now  
search  for  the  traits  that  made  these  treatments  a  success.    
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Chapter   5:   Experimental   evolution   of   P.syringae   in   a   novel   host  
environment   leads   to   increased   virulence   and   parallel   evolutionary  
change  
  
Abstract  
The  spill  over  of  disease  among  species  has  substantial  impact  on  the  spread  
of   disease,   especially   in   the   case   of   reservoir   hosts   that   maintain   high  
pathogen  densities  or  select  for  increased  pathogen  virulence  (damage  to  the  
host).   Adaptation   of   a   pathogen   to   a   novel   host   is   predicted   to   lead   to  
attenuated   virulence   in   an   existing   host   as   a   result   of   pleiotropic   costs.  We  
examined   adaptation   of   the   plant   pathogen   Pseudomonas   syringae   on   its  
focal  host,  Tomato,  and  a  distant  host,  Arabidopsis  and  the  subsequent  effect  
of   passaging   in   one  host   on   the  growth  and   virulence   in   the  alternate   host.  
Repeated  passage  through  Arabidopsis   led   to  greater  virulence  when  tested  
in  both  Tomato  and  Arabidopsis,  whereas  passage   through  Tomato  showed  
no  such  trend.  Whole  genome  re-­sequencing  of  passaged  isolates  identified  a  
number  of  genes  harbouring  parallel  mutations  across  multiple  lines,  providing  
candidates  for  the  observed  phenotypic  change.  Finally,  we  find  evidence  for  
genome-­wide  parallel  evolution  at  the  genetic,  but  not  pathway,  level  between  
plant-­adapted   versus   in   vitro   evolved   lineages.   Unexpectedly,   the   co-­
inoculation   of   a   bacteriophage   capable   of   lysing   Pst   had   no   effect   on   the  
evolution  of  virulence  across  hosts.    
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Introduction  
Many  pathogenic  organisms  are  generalists,  capable  of  infecting  multiple  host  
species   (Woolhouse,   2001).   Yet   generalists   are   predicted   to   pay   a   cost   of  
broad   host   range   relative   to   specialists   (Woolhouse,   2001),   described   in  
Leggett   et   al.   (Leggett  et   al.,   2013).  One   such   cost   is   that   in   a   novel   host,  
pathogen   replication   may   be   reduced,   in   turn   reducing   the   likelihood   of  
successful  transmission  to  a  new  host-­  a  so  called  ecological  cost  (Benmayor  
et  al.,  2009).  A  second  cost  is  that  the  ability  to  infect  novel  hosts  can  lead  to  
reduced  replication  efficiency  in  the  original  host,  resulting  in  an  evolutionary  
cost  that   leads  to  a  trade-­off  between  generalism  and  specialism  (Benmayor  
et  al.,  2009).  However,  many  studies,  particularly  in  viruses,  demonstrate  that  
generalists  can  have  at   least  as  high   fitness  as  specialists   in   the  same  host  
(Elena  et  al.,  2009;;  Remold,  2012).  Established  theory  that  is  well  supported  
by   empirical   results   states   that   parasites   evolve   to   an   optimum   level   of  
virulence   that   maximises   parasite   transmission   (Van   Baalen   and   Sabelis,  
1995;;  Jensen  et  al.,  2006;;  de  Roode  et  al.,  2008;;  Anderson  and  May,  2009;;  
Bérénos  et  al.,  2009;;  Müller  et  al.,  2009).  Less  well  understood  are  the  effects  
such  adaptation  to  a  novel  host  has  on  the  existing  host.  Theory  predicts  that  
increasing  virulence  in  a  novel  host  correlates  with  attenuation  in  the  existing  
host   (reviewed   in  Ebert   (1998))   and   virulence   is   tightly   linked   to   host   range  
(Leggett   et   al.,   2013).   Understanding   the   consequences   of   adaptation   to   a  
novel  host   is  critical  when  considering  reservoir  hosts  of  plant  diseases.  For  
example,   the  maintenance  of  Candidatus  Liberibacter  solanacearum  on  wild  
solanaceous  plants   throughout   the  year  provides  a   reservoir   for  potato  crop  
infections   (Thinakaran   et   al.,   2015).   In   snap   beans,   Phaseolica   vulgaris,  
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Mueller  et  al.  (Mueller  et  al.,  2012)  found  an  average  of  12%  of  plants  in  field  
margins   harboured   the   infective   Alfalfa   Mosaic   Virus   (AMV).   The   fungal  
pathogen   Verticillium   dahlia,   may   cause   cryptic   infections   on   a   number   of  
plant  hosts,   leading  to  severe  under-­reporting  of  disease  incidence  (Malcolm  
et  al.,  2013).  Despite  these  essential  studies,  research  on  reservoir  hosts  has  
focussed  on  ecological  dynamics,  with  evolutionary  dynamics  being  relatively  
neglected,  despite  being  one  of  a  number  of   requirements   for  predicting   the  
severity  and  spread  of  disease  (Morse  et  al.,  2012).    
  
Identifying   the   genetic   basis   of   virulence   through   experimental   work   is   also  
important   for   interpreting   the   increasing   amount   of   sequence   data   from  
metagenomic  studies  (Henry  et  al.,  2011).  Note  that  in  this  paper  we  use  the  
term   infectivity   to   describe   the   ability   of   a   pathogen   to   successfully   infect   a  
host,   and   virulence   to   quantify   the   strength   of   such   infections,   typically  
measured   as   damage   caused   to   the   host   (Shapiro-­Ilan   et   al.,   2005).   One  
powerful   approach   to   identify   potential   virulence   genes   is   through   the  
experimental   evolution   of   pathogens   in   controlled   experiments.   By   starting  
with   an   ancestral   clone   it   is   possible   to   remove   the   confounding   effect   of  
differences  in  genomic  architecture  that  may  preclude  the  evolution  of  certain  
traits.   In  replicate  populations   it   is  possible  to   look  for  parallel  mutations;;   the  
presence  of  which  are  highly  suggestive  of  adaptive  mutations  rather  than  an  
artefact   of   genetic   drift   (Elena   and   Lenski,   2003).   These   methods   provide  
tools   to   infer   adaptation   at   specific   loci   through   the   direct   comparison  
ancestral  and  derived  lineages  (Buckling  et  al.,  2009).    
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Whilst   the   field   of   experimental   evolution   is   well   established   for   testing  
theoretical   models,   the   potential   for   applied   studies   has   not   yet   been   fully  
harnessed.  A  small  number  of  studies  have   investigated   the  effects  of  serial  
passage   of   pathogens   on   host   plant   species   with   striking   results.   For  
example,   Trivedi   and  Wang   (Trivedi   and  Wang,   2014)   found   that   repeated  
passage  of  Xanthamonas  citri  on  resistant  kumquat  hosts  resulted  in  parallel  
mutations  associated  with   type   III  secretion  systems.  Likewise,  Pitfield  et  al.  
(Pitfield  et  al.,  2005)  found  that  P.syringae  pv.  phaseolica  acquired  the  ability  
to  avoid  a  host  hypersensitive   response,   thus  allowing  disease  progression,  
after   just  5  passages  through  the   loss  of  a  genomic   island.   In  viruses,  many  
more  studies  have  used  such  an  approach  to  understand  the  genetic  basis  of  
virulence   and   infectivity   but   the   applicability   of   these   findings   to   bacterial  
pathogens  may  be  nuanced  by  differences   in  genome  size  and  redundancy,  
population   sizes   and   generation   times   (Escriu   et   al.,   2003;;   Remold   et   al.,  
2008).    
We  examined  pathogen  adaptation  to  a  novel  host,  and  subsequent  shifts   in  
virulence,   relative   to   adaptation   on   an   existing   focal   host   species.   We  
performed   an   experimental   evolution   experiment   with   the   bacterium  
Pseudomonas   syringae   pv.   tomato   (Pst)   by   passaging   a   clone   on   it’s   focal  
host-­  the  tomato  plant,  Solanum  lycopersicum,  and  a  distant  host,  Arabidopsis  
thaliana.   We   then   assayed   the   derived   lineages   on   both   the   plant   species  
used   for   the   passage   and   the   alternative   host,   allowing   the   comparison   of  
allopatric  and  sympatric  hosts.  Whole  genome  sequencing  was  performed  to  
identify  any  genes  showing  parallel  evolution  across  replicates.    
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As   an   additional   element   of   the   experiment,   we   co-­inoculated   half   of   the  
plants  with  a  bacteriophage  capable  of  lysing  Pst.  Phages  are  known  to  exert  
considerable  selective  pressures  on  bacterial  populations  with  implications  for  
within-­host   bacterial   virulence   (Filippov   et   al.,   2011;;   Nelson,   2011).   We  
hypothesized   that   the   inclusion   of   a   third   trophic   level   may   alter   the  
evolutionary  dynamic  between  bacteria  and  plant  host.      
  
Materials  and  Methods  
  
Study  system  
Pseudomonas   syringae   represents   an   important   plant   pathogen   species  
complex  collectively   infecting  numerous  plant  species  and  listed  as  the  most  
important   pathogen   in   molecular   plant   pathogen   (Mansfield   et   al.,   2012).   It  
also  represents  a  true  generalist  as  it  is  frequently  isolated  not  just  from  plant  
infections  but  diverse  environmental  sources  (Morris  et  al.,  2008).  Moreover,  
these  non-­agricultural   reservoirs   are   thought   to   provide   a   source   population  
for  the  evolution  of  novel  plant  pathovars  (Monteil  et  al.,  2013).  Pseudomonas  
syringae   pv.   tomato   (Pst)   has   been   extensively   studied   as   a   model   plant  
pathogen  for  elucidating  the  molecular  basis  of  infection  as  it  infects  both  it’s  
natural   tomato   host,   Solanum   lycopersicum,   and   the   model   organism  
Arabidopsis   thaliana.  A  number  of  studies  have  also  used  P.syringae   to   test  
hypotheses  in  evolutionary  biology  both  in  the  lab  (Lythgoe  and  Chao,  2003;;  
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Koskella   et   al.,   2011)   and   in   the   field   (Koskella   et   al.,   2012a).   Finally,   a  
completed,   gold   standard   genome   of  Pst   DC3000   is   available,   providing   a  
useful   resource   for   genomic   re-­sequencing  experiments   (Buell  et   al.,   2003).  
The  closely  related  pathovar  PT23  was  used  in  this  study  due  to  preliminary  
data   suggesting   that   this   strain   supports   higher   phage   populations   than  
DC3000  (data  not  shown).    
  
Passage  experiment  
A   single   colony   of  Pst   PT23  was   picked   and   cultured   overnight   in  King’s  B  
broth   (KB)   to   serve   as   the   ancestral   strain.   Eighteen   tomato   (Solanum  
lycopersicum   (cultivar   Moneymaker))   and   18   Arabidopsis   thaliana   (ecotype  
Columbia)   plants   were   grown   for   5   weeks   in   a   controlled   temperature   (CT)  
room   with   80%   relative   humidity,   24   C   and   15-­hour   photoperiod.   Bacterial  
inocula  were  prepared  by  using  25  ml  of  overnight  ancestral  Pst  PT23  culture  
grown   in  KB  broth.  The  culture  was  centrifuged  at  3500  RPM   for  6  minutes  
and  re-­suspended  in  20ml  MgCl2  with  this  process  being  repeated  twice  to  as  
a  ‘washing’  step  to  remove  residual  media,  leaving  a  concentration  of  8  X  107  
CFU/mL.  
  
Treatments   of   bacteria   only,   bacteria   and   phage   co-­inoculum   or   buffer   only  
were  assigned  randomly  to  each  plant.  Each  1ml  suspension  consisted  of  500  
µl   bacteria   and   either   500   µl   buffer   or   500   µl   phage   with   control   plants  
receiving   buffer   only.   The   phage   solution  was   a   clonal   suspension   of   a  Pst  
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PT23  plaque-­forming  phage  (FRS)  of  5  X  106  PFU/mL.  Solutions  were  mixed  
immediately  before   inoculation   into   the  abaxial  side  of   the   leaf  using  a  blunt  
syringe  (Wei  et  al.,  2007).  
  
Concurrently,  in  vitro  control  lines  (1  per  plant)  were  inoculated  into  8ml  agar  
slants   (KB  broth  supplemented  with  0.6%  agar)  and  placed   in   the  CT  room.  
After  5  days  a  1mm  hole  punch  was  collected  from  each  plant,  dipped  in  0.1M  
surface  sterilisation  buffer   (0.02%  Tween  20,  1%  Sodium  hypochlorite)   for  5  
seconds   to   remove  epiphytic  bacteria,  dipped   in  sterile  ddH20   for  5  seconds  
and   stored   at   -­20   C   in   1ml   of   phosphate   buffer   (pH7,   supplemented   with  
peptone  and  glycerol).  Similarly,  for  the  agar  slants  500  µl  of  each  slant  was  
added  to  1ml  of  phosphate  buffer.    
  
Samples  were  snap-­thawed  at  37°C  and  homogenized   in  a  Fast-­Prep  tissue  
lyser   (MP  Biomedicals)  with  2  ceramic  beads.   In  vitro   samples  underwent  a  
similar  process  with   the   tissue   lysis  step  being   replaced  with  vortexing   for  5  
seconds.   Following   plating   on   KB   agar   (supplemented   with   25   μg/ml   the  
antifungal   nystatin)   100   colonies   were   picked,   suspended   in   1ml   of   10mM  
MgCl2  and  inoculated  into  the  next  cohort  of  plants.  This  transfer  process  was  
conducted   4   times   leaving   the   bacterial   populations   in   the   plant   or   in   vitro  
environments  for  a  total  of  20  days.    
  
Assay  experiments  
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For  the  phenotypic  assays  and  sequencing,  a  single  colony  was  picked  from  
each  line  after  the  4th  transfer  (day  20),  cultured  overnight  and  frozen  in  20%  
glycerol  for  future  use.  For  11  lines,  samples  from  the  3rd  transfer  were  used  
due   to   overgrowth   of   other,   unknown   bacterial   colonies.   Each   line   was  
cultured  from  frozen  for  48  hours,  then  prepared  using  the  same  methods  as  
described  for  the  passage  experiment.  Each  suspension  was  standardised  to  
~0.05  optical  density  (OD600)  and  the  exact  OD600  recorded  for  inclusion  in  the  
statistical  model.    
  
Each  line  was  inoculated  into  a  new  cohort  of  plants  in  the  same  manner  as  
before,  excluding  phage  co-­inoculation.  The  design  of  the  experiment  allowed  
each  line  to  be  inoculated  into  both  a  tomato  and  Arabidopsis  plant,  such  that  
strains   were   assayed   on   both   the   host   they   were   passaged   on   and   the  
alternative  host.  Samples  were  collected  after  24,  72  and  192  hours.  Plating  
was   conducted   by   first   using   a   drop-­plate   method   (Chen   et   al.,   2003)   to  
determine  appropriate  plating  dilution  and  50  µl  of  each  sample  was  plated  for  
colony   counting.   For   growth   curve   analyses,   each   line   was   cultured   from  
frozen   stocks   in   KB   media   for   48   hours   to   reach   stationary   phase.   Each  
culture  was  diluted  X50  into  ddH20  and  20  µl  was  added  to  180µl  of  KB  broth  
in   a   96-­well   plate.   Optical   density   (600nm)   readings   were   recorded   for   48  
hours  on  a  spectrophotometer  (PowerWave  XS,  Biotek,  USA).  These  growth  
curves  were  used   to   infer   fitness  parameters  such  as  maximum  growth   rate  
and   final   density.   To   screen   for   the   evolution   of   phage   resistance,   where  
possible   12   colonies  were   picked   from   the   4th   transfer   and   cultured   in   a   96  
	   87	  
well   plate  with   100µl   KB  broth.   20µl   of   ancestral   phage   stock  was   streaked  
vertically   across   an   agar   plate,   with   bacterial   cultures   streaked   horizontally  
across   the   plate   using   a   pin   replicator.   This   assay   allows   a   binary   score   of  
phage  infectivity  or  resistance  as  shown  by  either  a  continuous  line  of  growth  
across   the   phage   streak   or   a   band   of   inhibited   growth.   Plates  were   scored  
after  incubation  at  28  C  for  24  hours.    
  
16S  Sequencing  
To   confirm   our   accuracy   in   identifying  Pst   based   on   colony  morphology  we  
picked   117   colonies   (12   per   plate   from   a   subset   of   10   samples,   3   failed  
sequencing)  and  performed  PCR  of  the  16S  rRNA  gene  with  the  primers  27f  
and  907r.  Sequencing  was  performed  at  Source  Biosciences  (Oxford,  UK).  A  
number   of   the   plated   samples   from   the   passage   and   assay   parts   of   the  
experiment  contained  colonies  with  different  morphology  to  P.syringae,  which  
we  suspected  to  be  other  epiphytic  bacterial  species.  To  identify  them,  colony  
PCR  of   the  16S  rRNA  gene  was  performed  with   the  primers  27f  and  1492R  
following   the   protocol   of   Frank   et   al.   (Frank   et   al.,   2008).   Clean-­up   was  
performed  with  Exo-­Sap  (Affymetrix,  USA).  Forward  Sanger  sequencing  was  
performed   at   the   Sheffield   University   Core   Genomic   Centre   (Sheffield,   UK)  
and  reads  were  blasted  against  the  NCBI  database.    
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Pace  of  adaptation,  TP1  samples  
To  test  whether  the  phenotypic  difference  observed  in  the  plant  assay  was  a  
result  of  adaptation  or  a  plastic   response   to   the  novel  plant  environment  we  
repeated  the  assay  using  samples  collected  after  the  first  transfer.  10  colonies  
were  picked   from  a  subset  of  5   samples   from  each  passage  host  plant   (we  
were  unable   to   recover   some  samples   from   the   frozen  stocks)   into  a   single  
leaf  from  each  of  two  tomato  plants.  Samples  were  collected  in  the  manner  as  
described   above   after   48   hours.   The   replicates   from   both   plants   were  
processed  individually  but  averaged  prior  to  statistical  analysis.      
  
Spatial  structure  
To  test  the  effect  of  spatial  structure  on  phage  resistance  we  repeated  the   in  
vitro   element   of   the   experiment   in   soft   agar   and   liquid   broth   (both  KB).  We  
inoculated   the   ancestral   line   of  Pst   and   ancestral   phage   into   6   agar   slants  
(using   the   same   methods   as   the   original   experiment)   and   an   additional   6  
glass   universals   filled   with   6ml   of   KB   broth.   After   5   days,   samples   were  
collected  and  plated,  and  12  colonies  picked  per  sample  for  a  streak  assay  as  
described  above.    
  
Whole  genome  re-­sequencing  
DNA  extractions  were  performed  using  48hr  cultures   from   the   frozen  clones  
selected   at   the   end   of   the   passaging   experiment.   200µl   was   pelleted   by  
centrifugation,  re-­suspended  in  200µl  nuclease  free  water  and  DNA  extraction  
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was   performed   using   a   DNeasy   kit   (Qiagen).   Clean-­up   and   concentration  
steps   were   performed   using   AMPure   beads   and   genomic   DNA   clean   and  
concentrator   kit   (Zymo   Research,   USA)   and   quantified   using   a   Qubit  
fluorimeter.    
  
100bp  paired-­end  Illumina  sequencing  was  conducted  on  a  HiSeq  2500  at  the  
University   of   Exeter   Sequencing  Centre.   Library   preparation  was   performed  
following   the   Nextera   XT   v2   protocol.   Sequences   were   trimmed   where   the  
Phred  score  fell  below  20  and  adaptors  removed  using  fastq-­mcf  from  ea-­utils  
(version   1.1.2-­537)   and   mapped   to   the   reference   genome   (DC3000,   NCBI  
assembly  GCA_000007805.1  from  (Buell  et  al.,  2003)  using  bwa-­mem  default  
parameters   (version   0.7.12-­r1039).   A  mean   of   4086356   +/-­   2864911   (1SD)  
reads  were  mapped  to  the  reference  following  quality  filtering,  giving  a  mean  
coverage   of   ~63X.   Samtools   (version   0.1.19-­44428)   was   used   to   sort   and  
remove  duplicated   reads   from   the   resulting  alignment  and  SNP  calling.  The  
resulting   files  were  annotated  with  SNPeff   (Cingolani  et  al.).      The   impact   of  
each  mutation  was  called  as  high,  moderate,  low  or  neutral  and  hierarchically  
binned   (highest   impact   first)   as   silent  or  non-­silent,   due   to  multiple  potential  
impacts   per   annotation.   For   each  mutation   in   coding   regions,   the   locus   tag  
was   extracted   from   the   annotation   and   indexed   against   a   map   of   gene  
pathways  from  the  KEGG  orthology  database  (Kanehisa  et  al.,  2014).  These  
pathways  were  used  to  assess  mutation  convergence  at  the  pathway,  rather  
than  genetic,  level.    
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Whilst  Pst  DC300  was  used  as  a  reference  genome,  mutations  were  filtered  
post-­processing   such   that   only   variants   that   differed   between   our   ancestral  
strain  and   the  evolved   lines  were  maintained   in   the  dataset.  A   result   of   this  
protocol   means   that   mutations   in   genes   common   between   our   lines   but  
absent  from  the  reference  genome  have  not  been  identified.    
  
Statistical  analyses  
A  mixed  effect  model  with  a  Poisson  distribution  was  used  for  the  plant  assay,  
controlling   for   sampling   time  and   starting  density   (OD600)  with   plant   ID  as  a  
random   effect   to   control   for   repeated   measures.   An   additional   observation  
level  random  effect  was  added  to  account  for  overdispersion  in  the  model  as  
described  in  Harrison  et  al.  (2014).  The  full  model  consisted  of  CFU  per  ml  as  
the  response  term  and  passage  plant  host  species,  passage  phage  treatment,  
assay  plant,  sympatry  and  the  interaction  between  passage  host  species  and  
assay  species  as  explanatory  variables.  The  effect  size  of  each  covariate   is  
summarized  in  figure  5.  All  other  models  used  were  generalized  linear  models  
with   quasipoisson   error   structures   to   account   for   overdispersion.   Significant  
factors   were   identified   using   stepwise   model   simplification.   Mixed   effect  
models  were  performed  in  R  (v3.2)  using  the  lme4  package.  For  the  genomic  
analysis,   generalized   linear  models  were   used   to   test   the   effect   of   passage  
environment   on   total  mutation   counts   and   the  dN/dS   ratio   of   each  genome.  
Multivariate   analysis   testing   the   effect   of   passage   environment   on   a   Raup-­
Crick  distance  metric  (derived  from  the  presence  or  absence  of  mutations  at  
both   the  gene  and  gene  pathway   level)  was  performed  with  a  permutational  
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anova  using   the   ‘adonis’   function   from  the  vegan  package  (Jari  Oksanen,  F.  
Guillaume   Blanchet,   Roeland   Kindt,   Pierre   Legendre   et   al.,   2015).   All  
statistical  analyses  were  performed  in  R.3.2.0  (R  Core  Development  team).      
  
Results  
Plant  assay  result  
A   mixed   effect   model   accounting   for   sampling   time   and   inoculum  
concentration,  with  plant  ID  as  a  random  effect,  was  used  to  test  the  effects  of  
assay   plant,   passage   host   and   sympatry.   We   found   no   effect   of   sympatry  
such   that  whether   the  assay  was   conducted  on   the   same  host   that   the   line  
was   passaged   on   or   the   alternative   host   had   no   effect   on   bacterial   density  
(χ29=0.369,  p=0.544).  We  did,  however,  find  a  significant  effect  of  the  passage  
host  plant   (i.e.  Tomato  or  Arabidopsis;;  χ28=8.392,  p=0.015)  and  an  effect  of  
the  plant  host  used  for  the  assay,  with  Arabidopsis  sustaining  lower  densities  
of  bacteria  (χ26=14.449,  p=0.000144)  (Figure  1.).  As  starting  bacterial  density  
across  hosts  was  nearing  significance  it  was  left  in  the  model  but  removal  did  
not   qualitatively   change   the   result.   We   also   noted   that   Arabidopsis   plants  
sustained  lower  numbers  of  Pst  than  Tomato  during  the  passage  experiment  
based   on   colony   counts   at   each   transfer   (GLM,   F1,127=10.84,   p=0.00129).  
Taken   together   these   results   demonstrate   that   Arabidopsis   plants   sustain  
lower  overall  densities  of  bacteria  and  that  the  dynamic  of  the  infection  varies  
depending  on  the  plant  species  used  for  passage.  
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Plate  reader  result  
Despite  a  difference  in  density  in  planta  we  found  no  differences  in  maximum  
growth   rate   (GLM,   F1,30=0.59,   p=0.56)   or   final   density   after   48   hours  
(F1,30=1.36,  p=0.272)  when  bacterial   lines  from  tomato  and  Arabidopsis  were  
cultured   in   nutrient   media,   suggesting   the   more   virulent   phenotype   is   not  
simply  a  result  of  higher  metabolic  fitness.    
  
Timepoint  1  subset  
To   test   whether   the   observed   phenotypic   change   was   a   result   of   genetic  
change  or  a  short-­term,  plastic  response  we  used  a  subset  of  5  of  each  plant  
hosts  from  the  first  transfer  and  repeated  the  assay  in  only  tomato  plants.  We  
found   no   difference   in   bacterial   densities   among   the   lines   after   48   hours  
(GLM,   F1,9=0.414,   p=0.538)   suggestive   of   a   longer-­term,   genetic   change  
rather  than  a  plastic  response.    
  
Resistance  assay  
Streak   assays   for   phage   resistance   found   no   resistant   colonies   in   any  
treatments  despite  repeated  co-­inoculation  with  phages.  To  confirm  this  result  
we   repeated   the   assay   with   the   in   vitro   samples   from   timepoint   4   (the  
treatment   we   would   predict   has   the   highest   level   of   phage   resistance)   and  
again   found   no   resistant   colonies.   We   hypothesized   that   this   could   be   the  
result   of   spatial   structure   in   the  agar  and   leaf  and   therefore   repeated   the   in  
vitro  element  of  the  experiment  in  liquid  broth  and  nutrient  agar.  This  time  we  
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did   find  some  phage  resistant  colonies  but  no  difference  between  the  media  
type  used  (soft  agar  vs.  liquid  broth)  (F1,11=  1.377,  p=0.268).  Together,  these  
findings   are   inconclusive   about   the   role   of   spatial   structure   in   phage  
resistance  evolution  in  the  phylloplane.    
  
  
Figure   1.   Infection   dynamics   differed   when   all   populations   were   assayed   in  
Arabidopsis  and  Tomato  hosts.  Whilst  all   3  populations  display  similar  dynamics   in  
the   novel   host,   density,   and   by   proxy   virulence,   is   lower   overall   in   the   Tomato  
adapted  lines.  This  result  is  supported  by  our  mixed  effect  model  finding  evolutionary  
background  a  significant  predictor  of  bacterial  density  when  time,  starting  density  and  
plant  ID  is  controlled  for  (χ28=8.392,  p=0.015).  
  
WGS  results  
We   found   a   significantly   higher   mutational   load   in   plant   passaged   isolates  
compared   to   media   passaged   lines   (GLM,   quasipoisson,   F1,33=   5.717,  
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p=0.0229),   however   there  was   no   difference   in   total  mutations   between   the  
two  plant  evolved  treatments  (F1,21  =  0.506,  p=0.485).    
  
To   identify   parallel   evolution   in   the   genes   and   pathways   harboring   non-­
synonymous   mutations   we   performed   multivariate   analyses.   Permutational  
anova  using  a  distance  matrix  of  Raup-­Cric  (a  distance  measure  for  presence  
absence  data  of  unequal  sample  sizes)  found  the  passage  environment  to  be  
a   significant   predictor   of   gene-­level   mutational   differences   (PERMANOVA,  
F1,33=4.218,  R2=0.21,  p=0.0419,  99999  permutations;;  Figure  3)  but  not  at  the  
pathway   level   (PERMANOVA,  F1,33=0.328,  R2=0.02,   p=0.662)   (these   results  
were   qualitatively   similar   using   a   binomial   distance   metric,   p=0.0328   and  
p=0.87   respectively).  When   the  plant   samples  were  pooled   the   result   at   the  
gene  level  was  repeated  (F1,32  =  5.44,  R2=  0.145,  p=0.038)  and  when  just  the  
plant  samples  were  compared  no  difference  was  observed  (F1,21=1.968,  R2  =  
0.08,   p=0.310).   Together,   these   results   suggest   that   differences   between   in  
vitro   samples  and   in  planta   samples  are  driving   the  observed  pattern   rather  
than  an  effect  of  specific  plant  species.    
  
We  identified  a  number  of  non-­silent  mutations  present   in  3  or  more  isolates  
sampled  and  grouped   them  by  passage  environment.  The  presence  of  non-­
silent  mutations   at   such   high   frequencies   across  multiple   samples   is   highly  
likely  to  be  the  result  of  positive  selection  and  a  description  of  these  genes  is  
present  in  figure  2  with  the  corresponding  locus  tag  available  in  the  SI.  
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Based   on   the   ratio   of   non-­synonymous   to   synonymous   mutations   (dN/dS)  
across   the   whole   genome   we   found   evidence   for   purifying   selection   in   all  
treatments   (dNdS  <  1   in  all  samples).  There  was  no  significant  difference   in  
this   ratio   depending   on   the   passage   environment   (F1,33=0.0006,   p=0.98).  
Similarly,   when   the   plant   samples   were   pooled   this   did   not   differ   from   the  
media   passaged   samples   (F1,33=0.0049,   p=0.95)   and   when   just   the  
Arabidopsis   and   Tomato   samples   were   compared   there   was   also   no  
difference  (F1,21  =  0.032,  p=0.86).    
  
To  assess  cross-­contamination  we  examined  the  SNP  profiles  of  each  isolate  
and   they   were   unique   among   the   isolates   suggesting   little   cross-­
contamination  among  plants.  However,  qualitative   inspection  of  a  number  of  
mutations   at   the   same   sites   found   some   identical   mutations   occurring   in  
otherwise   different   backgrounds.   This   could   be   the   result   of   convergent  
evolution  at  the  molecular  level,  cross-­contamination  at  some  point  during  the  
passage  experiment  or  a  bioinformatic  bias.  Teasing  these  possibilities  apart  
will   require   further   study,   although   we   note   that   none   of   our   control   plants  
yielded   colonies   with   Pst  morphology   at   comparable   densities,   so   frequent  
cross-­contamination  seems  improbable.  
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Sanger  sequencing  results  
Our  ability  to  detect  colonies  scored  as  Pst  based  on  morphology  alone  was  
highly   accurate,   as  when  we   sequenced   the   16S   region   of   117   colonies   all  
had   a   closest   BLAST   match   of   Pst   DC3000.   Conversely,   sequencing   of  
presumed  contaminants   revealed  some   to  also  have  closest  matches  of  Pst  
DC3000.  As  such,  we  could  not  be  sure  that   these  were  not  colony  variants  
resulting  from  phage  resistance.  This  finding,  coupled  with  the  fact  that  phage  
treatment   had   no   effect   on   bacterial   densities   (Figure   4)   or   selection   for  
resistance  means  we  therefore  focus  on  the  effects  of  plant  host  rather  than  
phage  treatment  in  the  discussion.    
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Figure  2.  The   left   panel   shows   the  positions  of  each  non-­silent  mutation   in   the  Pst  
chromosome   for   each   sample   genome.   Colours   represent   the   evolutionary  
background  from  the  passage  experiment.  The  right  panel  shows  the  subset  of  non-­
silent  mutations   that  occurred   in  more   than  3  samples.  Genes  of   interest  are   those  
which  only  occur  in  a  single  passage  environment,  indicative  of  environment-­specific  
adaptation.  
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Figure  3.  Co-­inoculation  of  a   lytic  phage  had  no  effect  on   the  evolution  of  virulence  
following   serial   passage   on   both   hosts.   These   boxplots   show   the   results   from   the  
final   assay,   where   phage   treatment   was   included   as   an   explanatory   term   in   the  
model.  
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Figure   4.   Plot   of   the   coefficients   against   the   standard   errors   from   the  mixed   effect  
model  showing  effect  sizes.  Tomato,  Media  and  Arabidopsis  adapted   represent   the  
passage  environment.    Read  is  the  inoculum  concentration  based  on  optical  density  
scaled  for  the  model.  
  
Discussion  
In   this  study,  we  demonstrate   the  evolution  of   increased  virulence  emerging  
from   a   clonal,   ancestral   plant   pathogenic   bacterium.   Serial   passage   of  Pst  
PT23  on   two   species  of   plant   hosts   resulted   in   different   infection  dynamics,  
based  on  bacterial  densities,  when  re-­inoculated  into  either  the  passage  host  
and  a  novel  host.  This  phenotypic  difference   is  not  simply   the  result  of   local  
adaptation   to   the   passage   host,   whereby   bacterial   densities   are   higher   in  
sympatric   hosts   rather   than   allopatric.  Pst   adaptation   to   Arabidopsis   led   to  
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higher  densities  in  both  Arabidopsis  and  tomato,  whereas  passage  in  tomato  
led  to  somewhat  lower  virulence  in  both  hosts.  This  effect  is  not  present  when  
the  assay  is  repeated  with  samples  from  just  the  first  timepoint,  and  therefore  
is   not   a   plastic   response   but   a   result   of   evolutionary   adaptation   to   the   host  
species.   Tomato   passaged   lines   follow   similar   infection   trajectories   to   our  
control   in   vitro   adapted   lines   (Fig   1).   However,   none   of   the   lines   show  
increased  growth  rates  when  grown  in  liquid  media,  implying  a  more  complex  
adaptive   landscape   than   metabolic   processes   alone.   The   results   from   our  
genomic   screens   also   support   this   with   a   number   of  mutations   identified   in  
toxin  production,  quorum  sensing  molecules  and  potential  secretion  systems.    
  
There  are  a  number  of  reasons  why  Arabidopsis  hosts  may  provide  a  different  
selective  environment  to  tomato  plants  including  the  tissue  structure,  immune  
system  and  microbiome.  One  example  of  a  disparity  in  immune  recognition  is  
the  flagellin  receptor,  a  core  component  of  plant  and  animal  immune  systems,  
which   differs   between   Arabidopsis   and   tomato   (Robatzek   et   al.,   2007)   and  
could  lead  to  selection  for  different  epitopes.  Given  that  all  plants  were  grown  
in  the  same  environmental  conditions  any  differences  in  the  host  microbiome  
are  likely  due  to  differences  in  host  genetics.  Within  species  genetic  variation  
can  shape  the  microbiome  (Reisberg  et  al.,  2013)  and  we  would  expect   this  
effect   to   be  magnified  at   the   species   level   (Kembel  et   al.,   2014).  There  are  
likely   to   be   both   direct   effects   and   interactions   between   the   pathogen,  
microbiome  and  host   immune  system.  The  production  of  hormone  mimics   in  
Pst   is   critical   in  subversion  of   the  host   immune   response   to  allow  entry   into  
the  plant  (Melotto  et  al.,  2006)  and  the  production  of  phytohormones  can  be  
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attributable   to   the  microbiome  (Ali  et  al.,  2009).  A  number  of  Sphingomonas  
species  have  been  demonstrated  to  provide  a  protective  effect  in  Arabidopsis  
by  antagonism  to  Pst  (Innerebner  et  al.,  2011).  Sphingomonas  species  have  
also  shown  to  be  one  of  the  dominant  clades  in  tomato  leaves  (Ottesen  et  al.,  
2013)   providing   a   possible  mechanism   for  microbiome-­mediated   differences  
in  virulence  evolution  in  disparate  plant  hosts.    
  
Given   that   the   in   vitro   samples  were   allowed   to   evolve   in   the   absence  of   a  
host  immune  system  or  antagonistic  microbial  flora,  we  therefore  expected  to  
see  the  greatest  difference  in  this  group.  However,  this  was  not  the  case,  with  
similar  infection  dynamics  between  populations  passaged  in  tomato  and  those  
evolved   in   vitro.   Additionally,   comparison   of   the   dN/dS   ratios   among  
treatments  found  no  difference  in  the  strength  of  selection  between  these  two  
environments   although,   all   values   were   below   1,   indicative   of   purifying  
selection.   Our   dN/dS   ratios   are   conservative   given   that   mutations   were  
ascribed  as  the  highest  possible  predicted  impact  and  may  be  even  lower   in  
reality.    
  
Despite   no   differences   in   dN/dS   among   the   selection   lines,   we   identified   a  
number  of  mutations  unique   to  each   treatment.  To   identify   candidate  genes  
involved   in   the   observed   phenotypes   we   looked   for   genes   that   had   a   non-­
silent  mutation  in  three  or  more  independent  isolates  (i.e.  3  or  more  genomes)  
(Figure  2)  and  differed  between  passage  environments.  The  presence  of  such  
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experiments   with   E.   coli   has   shown   such   parallelism   to   be   the   result   of  
selection,  not  drift,  and  is  consistent  with  similar  studies  in  phages  (Bull  et  al.,  
1997;;  Wichman,  1999;;  Woods  et  al.,  2006).  In  the  Arabidopsis  evolved  lines,  
five   samples   contained   non-­silent  mutations   in   the   insecticidal   toxin   protein  
(Figure   2)   and   three   samples   contained   mutations   in   the   short-­chain  
dehydrogenase  gene.   In   the  Tomato  evolved   lines,   three  samples  had  non-­
silent   mutations   in   host   specificity   protein   J,   a   pyoverdine   siderophore,   a  
domain   protein   and   tail   protein  D  whilst   four   had  mutations   in   a  membrane  
protein.  Expression  of  certain  dehydrogenases  has  been  tentatively   linked  to  
quorum   sensing   in   Pseudomonas   aeruginosa   (Bijtenhoorn   et   al.,   2011).  
Perhaps   more   interestingly,   the   repeated   mutation   of   the   insecticidal   toxin  
protein   in   the  Arabidopsis   line   provides   good   evidence   that   this   protein   has  
multiple  uses.  This   protein  has  been   identified  as  part   of   the  hypersensitive  
response  and  pathogenicity   (hrp)   regulon  and   the  secretome  of  Pst   is  a  key  
part   of   the   pathogen’s   virulence,   previously   implicated   in   adaptation   to  
different  hosts  (Baltrus  et  al.,  2011;;  Lam  et  al.,  2014).      
  
To  test  the  level  of  parallelism  of  mutations  a  multivariate  analysis  revealed  an  
effect  of   passage  environment,   but  only  at   the  genetic,   rather   than  pathway  
levels.  This   result  suggests   that  adaptation  within  a  plant  host  occurs  at   loci  
distinct  from  adaptation  in  vitro.  Examples  of  parallelism  are  well  documented  
in   human   pathogens   including   E.   coli   (Ogura   et   al.,   2009),   P.   aeruginosa  
(Huse  et  al.,  2010)  and  Burkholderia  dolosa  (Lieberman  et  al.,  2011)  and  have  
provided  a  means   to   identify  genes   involved   in  virulence.  Given   that  parallel  
evolution   was   not   present   in   our   data   at   the   pathway   level,   when   multiple  
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genes   were   collapsed   into   higher-­order   pathways,   we   hypothesize   that   the  
observed   phenotypic   changes   could   be   the   result   of   epistatic   effects   rather  
than  selection  on  any  single  pathway.  This  is  perhaps  not  surprising  given  that  
plant  virulence  factors  often  exhibits  a  high  level  of  functional  redundancy.  For  
example,  Ralstonia   solanacearum   requires   a   collection   of   type   III   effectors  
that   do   not   individually   contribute   to   pathogenicity   in   both   Arabidopsis   and  
tomato   (Remigi  et  al.,  2011).  Similar  collective  but  not   individual  essentiality  
has  also  been  shown   in  Pst   (Kvitko  et  al.,  2009),  but   it   is  uncertain  whether  
this  is  a  result  of  true  functional  redundancy  or  epistatic  interactions.    
  
Understanding   the   impact  of  host   range  expansion  on  virulence   is   important  
for  predicting  the  spread  of  infectious  diseases  and  an  applied  aspect  of  this  
work   is   informative   to   the   nature   of   pathogen   adaptation   to   reservoir   hosts.  
Predicting   the   effects   of   adaptation   to   reservoir   hosts   is   crucial   for   human  
health,   as   many   infectious   diseases   are   transmitted   from   wild   animals,  
including  lassa  fever  (Andersen  et  al.,  2015),  ebola  (Pourrut  et  al.,  2009)  and  
rabies  (Favoretto  et  al.,  2013).  In  agriculture  it  is  essential  to  understand  how  
the  spread  of  disease  into  new  hosts  will  impact  populations  of  domesticated  
species.  Therefore,  finding  such  hosts  is  important  for  predicting  the  likelihood  
of  disease  prevalence,  with  much  research  focussing  on  zoonoses  (Wolfe  et  
al.,   2005;;   Fèvre   et   al.,   2006).   In   some   cases,   reservoir   hosts   can  maintain  
populations   of   pathogens,   causing   huge   economic   burdens   and   political  
conflict.  Nowhere  is  this  more  apparent  than  in  bovine  tuberculosis  infections,  
of   which   badgers   are   the   primary   reservoir   host   (McDonald,   2014).   Indeed,  
theory   might   predict   that   adaptation   to   a   non-­focal   host,   for   example  
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adaptation   of   a   crop-­associated   pathogen   to   a   non-­agricultural   species,  
should   decrease   virulence   in   the   original   host   due   to   a   trade-­off   between  
virulence   in  one  host   versus   the  other   (Ebert,   1998).  Finding  such   reservoir  
hosts   is   an   active   area   of   study   for   crop   diseases   caused   by   bacteria  
(Thinakaran   et   al.,   2015),   viruses   (such   as   mosaic   viruses   in   snap   beans  
(Mueller   et   al.,   2012)   and   fungus   (summarized   by   Malcolm   et   al.,   2013).  
Whilst   most   research   has   focussed   on   the   ecological   implications   of   such  
reservoir  hosts,  less  well  understood  is  the  effect  that  evolutionary  adaptation  
to  such  reservoir  hosts  could  have.  Serial  passage  of  Ralstonia  on  distant  (or  
reservoir)  hosts  did  identify  the  repeated  mutation  of  a  single  gene,  however  
it’s   function   was   unknown   (Guidot   et   al.,   2014).   Whilst   identifying   genes  
implicated  in  virulence  is  crucial,  a  broader  understanding  of  the  evolution  of  
virulence   in   reservoir   hosts   is   required   if   accurate   prediction   of   landscape-­
level  pathogen-­mediated  plant  mortality  is  to  be  successful.    
  
Interestingly,  we   found  no  effect   of   co-­inoculation  with   high   titres   of   phages  
(Figure  4).  This  was  surprising  as  phages  have  repeatedly  been  shown  to  be  
a  key  selective  force  on  bacterial  populations  both   in  vitro  and   in  the  natural  
environment  (Buckling  and  Rainey,  2002;;  Rodriguez-­Valera  et  al.,  2009).  The  
phage   stock   used   to   make   the   inoculum   was   still   viable   at   the   end   of   the  
experiment   and   the   presence   of   phages   (areas   of   obvious   lysis   on   agar  
plates)   was   observed   in   some   samples   throughout   the   experiment.   We  
previously  demonstrated  that  the  evolution  of  phage  resistance  can  be  costly  
(Meaden  et  al.,  2015).  As  such,  it  is  possible  that  sensitive  bacteria,  surviving  
the   initial   co-­inoculation   outcompete   resistant   bacteria   once   the   phage  
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population   has   become   extinct.   More   insight   into   this   unexpected  
phenomenon  will  require  further  study.    
  
Conclusion  
We   experimentally   demonstrate   that   adaptation   of   a   plant   pathogenic  
bacterium  to  a  novel  host  leads  to  increased  virulence  on  not  only  the  distant  
host   but   also   the   focal   host.  Whole   genome   screening   of   the   experimental  
lines   provides   support   for   parallel   evolution   at   the   locus,   but   not   pathway,  
level.  We   identify   a   number   of   candidate   genes   responsible   for   phenotypic  
changes   and   demonstrate   that   there   is   no   difference   in   selective   pressures  
among  environments,  despite  differences  in  bacterial  densities.  These  results  
highlight  the  importance  of  understanding  adaptation  of  pathogens  and  pests  
to  reservoirs  plant  species,  and  underscore  the  need  to  research  the  evolution  
of  virulence  in  agricultural  settings.    
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Chapter   6:   Compositional   shifts   in   microbiota   associated   with  
symptoms  of  horse  chestnut  bleeding  canker  
  
Abstract  
Host   susceptibility   to   bacterial   pathogens   can   be   shaped   by   numerous  
genetic,  ecological  and  evolutionary  factors.  The  ability   to  predict   the  spread  
of  disease  across  space   therefore   requires  an   integrated  understanding   into  
the   key   drivers   of   susceptibility,   including   both   direct   competition   between  
pathogens  and  commensal  microbiota  for  host  resources  and  indirect  effects  
of   pests   on   pathogen   growth   through   altered   host   defenses.   Moreover,  
colonization  and  spread  of  pathogens  can  alter  the  host  microbiome  in  ways  
that   otherwise   influence   host   fitness.   Such   interactions   may   be   particularly  
important   for   long-­lived  hosts   facing   infection  by   rapidly  evolving  pathogens.  
We  set  out  to  test  whether  the  presence  of  the  composition  of  bark-­associated  
microbial   communities   in   horse   chestnut   trees   changes   during   infection   by  
Pseudomonas  syringae  pathovar  aesculi,  the  causal  agent  of  bleeding  canker  
disease.   Using   culture-­independent   sequencing   of   the   16S   gene,   we  
compared   the  microbiota   of   bark   from   63   trees   across   the  United   Kingdom  
and  measured  the  association  between  bacterial  community  composition  and  
a  number  of  ecological  variables,  including  the  severity  of  disease.  We  found  
a   clear   shift   in   composition   as   a   function   of   symptom   severity   that   was  
mirrored  when  we  compare  the  microbiota  of  healthy  tissue  versus  cankerous  
tissue   from   the   same   individuals.   Together,   the   study   suggests   a   clear  
correlation  between  bark-­associated  microbiota  and  tree  health.    
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Introduction  
The  diversity  of  microbial  communities  is  increasingly  acknowledged  as  a  key  
buffer  against  pathogen  invasion  in  a  number  of  systems  (Dillon  et  al.,  2005;;  
Irikiin  et  al.,  2006;;  Buffie  and  Pamer,  2013;;  He  et  al.,  2014).  Theory  predicts  
that   increasing   interactions  among   species   limit   the  potential   of   an   invading  
species   to   integrate   into   a   community   (Levine   and   D’Antonio,   1999;;   Case,  
1990;;   van   Elsas   et   al.,   2012).   This   may   be   directly   applicable   to   microbial  
diseases,   where   an   invading   pathogen   must   survive   and   replicate   in   the  
context  of  an  existing,  typically  diverse,  microbial  flora  (Costello  et  al.,  2012).  
The  disruption  of   the   resident  bacterial   flora   is  often  correlated  with  disease  
symptoms.   An   example   of   clinical   significance   is   the   proliferation   of  
Clostridium   difficile   populations   due   to   perturbation   of   the   gut   microbiome  
following   antibiotic   treatment,   resulting   in   acute   symptoms   (Jernberg   et   al.,  
2010;;  Theriot  et  al.,  2014).  Furthermore,  microbial  diversity  may  help  prevent  
urinary  tract  infections  (Horwitz  et  al.,  2015).  Such  disruption  of  the  microbial  
community  is  frequently  described  as  dysbiosis,  however,  the  direction  of  the  
association  is  unclear:  either  the  disruption  of  a  microbial  community  allows  a  
pathogen  to  invade,  or  an  invading  pathogen  causes  the  disruption  (Knights  et  
al.,  2013).    
  
The  enabling  of  culture-­independent  methods  for  census  of  bacterial  taxa  has  
furthered   our   understanding   of   the   diversity   and   function   microbiome  
immensely,  in  turn  leading  to  a  paradigm  shift  in  how  we  view  disease  in  the  
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genomic   era.   Whilst   the   fundamental   Koch’s   postulates   are   still   largely  
applicable,   a   more   nuanced   view   is   coming   to   light   with   some   organisms  
exhibiting   context-­dependent   pathogenicity   (Chow   et   al.,   2011).   So   called  
pathobionts   are   bacterial   species   that   can   exist   as   symbionts   or   neutral  
commensals   under   typical   conditions,   only   becoming   pathogenic   when  
specific  environmental   states  arise   (Mazmanian  et  al.,   2008).  A  well-­studied  
example   is   Helicobacter   pylori   carriage,   performing   both   beneficial   and  
pathogenic   roles   in  humans  (Moyat  and  Velin,  2014).  Whilst   the  mammalian  
gastrointestinal   tract   has  been   the  main   focus  of  many   studies,   concepts  of  
dysbiosis   and   pathobionts  may   be   directly   applicable   to   plant   pathology   as  
many   pathogenic   microbes   often   exhibit   an   epiphytic   lifestyle   following   leaf  
colonization   prior   to   pathogenicity   (Vorholt,   2012).   Epiphytes   can   become  
pathogens   when   density-­dependent   mechanisms,   mediated   by   quorum  
sensing,   result   in   expression   of   virulence   factors   required   for   plant   infection  
(Quiñones  et  al.,  2005;;  Barel  et  al.,  2015).  The  plant-­associated  microbiome  
may   buffer   against   this   switch   from   epiphyte   to   pathogen.   For   example,  
suppressive   soils   which   inhibit   pathogen   invasion   of   roots   have   been  
described   for   many   plant   species   (Hadar   and   Papadopoulou,   2012)   and  
specific   bacterial   taxa   have   been   shown   to   be   enriched   in   response   to  
infection  with  fungal  (Mendes  et  al.,  2011;;  Chapelle  et  al.,  2015)  and  bacterial  
(Trivedi   et   al.,   2010)   pathogens.   Research   has   typically   focused   on   the  
rhizosphere   and   phylloplane,   yet   for   many   tree   diseases   the   initial   sites   of  
infection  are  the  woody  parts  of  the  plant  (Ogawa  and  English,  1991;;  Steele  et  
al.,  2010;;  Renzi  et  al.,  2012;;  Tattar,  2012).    
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Tree   health   is   likely   to   be   particularly   sensitive   to  microbial   infections   given  
their   longevity   and   slow   development   to   reproductive   status   relative   to   their  
pests  and  pathogens   (Major,  1967),  making  coevolutionary  arms   races  one-­
sided  (Dawkins  and  Krebs,  1979).  Despite  a  variety  of  defensive  adaptations,  
including   a   high   number   of   defence   genes,   which   also   have   high   mutation  
rates  (reviewed  in  Tobias  and  Guest  (2014)),  many  ecological   factors  favour  
pathogen   range   expansion,   including   increasing   global   connectivity   and  
climate   change   (Ennos,   2014).   The   UK   tree   population   is   currently   under  
threat  from  a  range  of  diseases  including  Ash  dieback  (Pautasso  et  al.,  2013),  
Acute   Oak   Decline   (Denman   et   al.,   2012)   and   fungal   infections   in   conifers  
(Garbelotto  and  Gonthier,  2013)  (reviewed  in  Stenlid  et  al.  (2011)).  The  horse  
chestnut  tree,  Aesculus  hippocastanum,  is  no  exception;;  currently  undergoing  
an   epidemic   of   bleeding   canker   disease,   caused   by   the   gram-­negative  
bacterium   Pseudomonas   syringae   pv.   aesculi   (Pae   herein)   (Webber   et   al.,  
2008).    
  
Despite  the  horse  chestnut  tree’s  popularity,  little  is  currently  known  about  the  
microbiota  associated  with  its  bark.  Microbial  communities  associated  with  the  
leaves   of   horse   chestnut   have   been   previously   studied,   however,   revealing  
evidence   both   for   differences   in   community   composition   among   trees  
(Koskella  et  al.,  2011)  and  the  evolution  of  microbial  communities  within  trees  
over   the   growing   season   (Koskella,   2013).   The   role   of   the   microbiota   in  
mediating  the  outcome  of  Pae  infection  is  unknown,  and  was  a  key  motivation  
for  this  study.    
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This   epidemic   represents   a   unique   opportunity   to   compare   the   host-­
associated   microbiome   of   a   non-­model   plant   species   at   varying   states   of  
disease,  coupled  with  a  wide  range  of  ecological  variables.  We  surveyed  the  
UK  horse  chestnut  tree  during  a  single  growth  season  to  answer  fundamental  
questions  about  the  effects  of  Pae  infection  on  the  microbiome.  Our  study  has  
three  broad  aims:  firstly  and  primarily  to  quantify  the  effect  of  Pae  infection  on  
microbial   diversity   and   how   this   varies   with   host   ecology;;   Secondly,   to  
compare   the   relative   abundances   of   Pae’s   genus   between   healthy   and  
diseased  tissue  samples;;  and  finally  to  assess  the  level  of  functional  variation  
among  samples  using  a  predicted  metagenome.    
  
Materials  and  Methods  
Study  System  
Our   focal   ecological   system   includes   three   key   components:   the   horse  
chestnut   tree,  Aesculus   hippocastanum,   the   bacterial   pathogen  P.   syringae  
pathovar  aesculi  (Pae)  and  the  bark-­associated  microbiota  of  the  tree.  Horse  
chestnuts  are   large  deciduous   trees  originally  native   to   the  Balkans,  planted  
mostly   as   an   ornamental   across   much   of   Europe   with   high   amenity   value  
(Green  et  al.,  2010).  The  trees  were  first  introduced  to  the  United  Kingdom  in  
the   1600s   and   are   now   common   along   riverbanks   and   parks.   Pae   is   a   rod  
shaped,  gram  negative  bacterium  with  polar  flagella  that  is  specific  to  species  
of  Aesculus,   in  particular  A.  hippocastanum,  and  has  been  shown   to  be   the  
causal   agent   of   bleeding   canker   disease   (Schmidt   et   al.,   2008;;   Webber,  
2008).   Symptoms   include   dark   patches   of   necrotic   tissue   developing   on  
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branches  and  stems,   leading   to  crown  dieback  due   to   reduced  water  supply  
as   the   pathogen   spreads,   and   eventual   host   death   (Steele   et   al.,   2010).  
Younger  trees  with  smaller  trunks  are  typically  girdled  and  die  faster  (i.e.,  in  3-­
5   years)   than   older,   mature   specimens   (Peace,   2008).   Recent   evidence  
suggest   that   Pae   is   also   found   as   an   epiphyte   of   leaves   from   both   A.  
hippocastanum  as  well  as  A.  indica  growing   in   the  UK  (Mullett  and  Webber,  
2013).  Bleeding  canker  was  first  observed  in  the  UK  in  2001,  and  surveys  run  
between  2005  and  2007  revealed  that  almost  half  of  all  horse  chestnut  trees  
in  Britain   and   the  Netherlands  were   affected  by   bleeding   canker,  with  more  
urban   than   rural   trees   affected   (Peace,   2008;;  Webber,   2008).   Although   the  
mechanisms  of  Pae  dispersal  are  still  poorly  understood,  the  pathogen  is  able  
to   survive   for   long   periods   in   soil   and   water   and   is   resistant   to   repeated  
freeze-­thaw  cycles,  suggesting  it  has  the  capacity  to  spread  via  wind  and  rain  
and  re-­establish  at  the  start  of  the  growing  season  (Laue  et  al.,  2014).    
  
Data  collection  and  analysis  
To  examine  the  relative  spatial  distributions  and  local  prevalence  of  Pae,  we  
sampled   sixty   sites   from   across   the   UK,   predominantly   based   on   those  
sampled  in  the  Forestry  Commission’s  2007  survey  (Peace,  2008).  Sites  were  
staggered  in  transects  that  were  sampled  in  a  S-­N,  W-­E  pattern  (Figure  1).  To  
account  for  temporal  changes  in  both  leaf  miner  and  bleeding  canker  severity,  
three   ‘sweeps’  (20  sites  per  sweep)  were  conducted  during  the  season.  The  
relative  positions  of  sites  between  sweeps  were  kept  as  similar  as  possible,  
given  the  availability  of  sites.  The  size  of  each  site  varied  and  was  dictated  by  
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the   number   of   trees   available   to   sample.   The   area   of   each   site   was  
determined   from   the   perimeter   of   the   outmost   sampled   trees.   Every   Horse  
Chestnut   tree  within   the  sampling  area  was   recorded   for   its  spatial   location,  
height   and   trunk   diameter   (as   a   proxy   for   age).   For   each   tree  within   a   site,  
symptoms  of  bleeding  canker  were  visually  assessed  using  the  same  metrics  
used   in   a   UK   Forestry   Commission   survey   (Forestry   Commission,   2007).  
These  were  the  following;;  bleeds  on  the  trunk,  bleeds  in  the  upper  branches,  
cracks  and  splits  on  the  bark  and  crown  dieback  (each  scored  0-­3).  Intensity  
of   leaf   miner   infestation   was   also   measured   for   each   tree   by   visual  
assessment  of  15  leaves  per  tree.  Leaves  were  selected  at  random  from  the  
lower  branches  of  each  tree  and  the  number  of  mines  per  leaf,  as  well  as  the  
percentage   of   leaf   damaged   by   mines   and   the   length   of   each   leaf   was  
recorded.    
  
Microbiota  comparisons  
Up   to   ten   randomly   selected   trees   per   site   were   selected   for   micro-­core  
sampling,   for   a   total   of   115   samples.   Core   samples   consisted   of   three  
combined   micro-­cores   (using   the   Trephor   tool;;   (Rossi   et   al.,   2006)),   taken  
from   opposing   sides   of   the   trunk   from   asymptomatic   tissue.   Where  
symptomatic  bleeds  on  the   trunk  were  present,  a  second  micro-­core  sample  
was  taken  directly  from  the  wounds  (three  cores  combined).  The  Trephor  tool  
was   sterilized   using   70%   ethanol   in   between   each   sample   extraction.  
Samples   were   flash   frozen   in   the   field   for   transportation   back   to   the  
laboratory.  Upon  return  to  the  laboratory,  samples  were  homogenised  using  a  
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FastPrep-­24  instrument  (MP  Biomedicals)  for  five  minutes  with  the  addition  of  
two   0.5cm   steel   beads.   Total   DNA   was   then   extracted   from   the   resulting  
homogenate   using   a   Qiagen   DNeasy   Plant   Mini   Kit,   following   the   protocol  
provided.   Freezer   stocks   of   the   remaining   homogenate   were   maintained   in  
20%  glycerol  Kings  Broth  (KB)  buffer.    
  
Sequencing  was  performed  by  Source  Bioscienes  (Oxford,  UK)  and  additional  
details   of   PCR   protocols   are   available   in   appendix   A.   Demultiplexed   250bp  
paired-­end   Illumina   reads   were   joined   and   quality   filtered   using   the   Qiime  
1.8.0  pipeline  (Caporaso  et  al.,  2010).  Quality  filtering  followed  the  parameters  
recommended   by   Bokulich   et   al.   (Bokulich   et   al.,   2013)   for   amplicon  
sequencing:   minimum   phred   scores   of   3,   a   minimum   of   75%   high   quality  
reads  per  sequence  and  a  maximum  of  3  consecutive   low  quality  base  calls  
per   read.  Operational   taxonomic  unit   (OTU)  picking  was  conducted   in  Qiime  
using   the  uclust  open-­reference  OTU  picking  workflow  with  a  97%  threshold  
for   pairwise   identity   (Edgar,   2010).   Reference   based   OTU   picking   was  
performed   against   a   representative   subset   of   the   Silva   108   16S   rRNA  
database.   OTUs   representing   less   than   0.005%   were   removed   to   prevent  
inflated  estimates  of  diversity  as  a  result  of  erroneous  reads  (Bokulich  et  al.,  
2013).  Plant  chloroplast  and  mitochondrial  sequences  were  removed  leaving  
a   remaining   dataset   of   1548561   reads   with   a   mean   of   12290   reads   per  
sample.    
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Statistical  analysis  
To   compare   the   composition   of   bark-­associated  microbiota   across   trees  we  
correlated   our   ecological   variables   with   alpha   and   beta-­diversity   values   for  
each  bacterial  community.  For  alpha  diversity  measures  we  used  OTU  count  
as   a   measure   of   species   richness   and   Chao   1   as   a   non-­parametric  
alternative.  Beta-­diversity   values  were  estimated  using  abundance  weighted  
and  unweighted  UniFrac  distances  between  samples  after  even  sampling  at  a  
depth   of   90   reads   per   sample   with   the   loss   of   22   samples.   UniFrac  
measurements   compare   the   phylogenetic   distance   between   sets   of   taxa  
based  on  shared  branch  length,  with  weighted  UniFrac  scores  accounting  for  
differences   in   abundance   (Lozupone   et   al.,   2006).   A   rarefaction   step   was  
repeated   10   times   and   the   average   weighted   UniFrac   score   computed.  
Permutational  ANOVA  tests  were  run  using  the  ‘adonis’  function  in  the  vegan  
package   (Oksanen   et   al.,   2015)   using   month,   the   presence   of   leaf   miner,  
tissue   sample   type   (symptomatic   or   healthy),   latitude,   altitude,   symptom  
severity  and  tree  diameter  at  chest  height  (as  a  proxy  for  age)  as  main  effects  
with  UniFrac  distances  as  a  response  term  with  5000  permutations.    
  
Generalized   linear   models   were   used   with   quasipoisson   error   structures  
where   required   to   account   for   overdispersion.   Model   simplification   was  
conducted  removing  non-­significant   (p  >  0.05)   interactions  and  main  effects.  
Analyses  were  conducted   in  R  (3.2.0),  Qiime  (1.8.0)   (Caporaso  et  al.,  2010)  
and   MacQiime   (1.9.0).   A   co-­occurrence   network   was   plotted   in   Cytoscape  
(Shannon  et   al.,   2003)   based   on   a   bipartite   network   of  OTUs   and   samples  
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(both  referred  to  as  “nodes”).  Each  OTU  was  connected  (with  an  “edge”)  to  a  
particular  sample  when  the  OTU  was  present  in  that  sample.  The  number  of  
edges   connecting   two   nodes   also   determines   the   distance   between   nodes,  
with  greater  shared  edges  placing  nodes  closer  together  (Appendix,  Figure  2).    
  
Functional  analysis  
Metagenome  prediction  was  carried  out  using  the  program  Picrust  (Langille  et  
al.,  2013).  This  method   is  based  on  ancestral  state   reconstruction  using   the  
observed  16S  sequences  to  make  predictions  about  the  gene  content  likely  to  
be   present   in   the  microbiome.   As   transcriptomic   and   shotgun  metagenomic  
studies   remain   costly   and   challenging   to   analyse   a   useful   alternative  
capitalizes   on   the   wealth   of   genomic   information   already   available   in   a  
number  of  databases  that  can  be  linked  to  bacterial  16S  sequences,  enabling  
the  prediction  of  a  metagenome  (Langille  et  al.,  2013).  Whilst  such  a  process  
can   only   infer   the   likely   functional   contribution   of   a   community,   it   vastly  
outperforms  shotgun  metagenomics  at  shallow  sequencing  depths  (Langille  et  
al.,  2013).  The  OTU  picking  process  was  repeated  for  the  functional  analysis  
using  the  Greengenes  database  (DeSantis  et  al.,  2006)  and  closed  reference  
OTU  picking  (as  required  by  the  parameters  of  the  Picrust  program).  Our  16S  
dataset   was   first   normalized   by   16S   copy   number,   and   the   inferred  
metagenome   used   to   predict   gene   pathways   using   a   database   of   known  
functions  (KEGG  orthologous  gene  pathways  (Kanehisa,  2000)).    
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Results  
Changes  in  bacterial  diversity  during  bleeding  canker  disease  
Characteristics   of   the   microbiota   were   significantly   associated   with   disease  
symptoms   typical   of  Pae   infection.  Using   the   full   dataset   of   72   samples  we  
found  that  both  tissue  type  (symptomatic  versus  asymptomatic)  and  symptom  
index  score  were  significant  predictors  of  both  alpha-­diversity  (i.e.  the  number  
of   observed   OTUs   per   sample)   and   beta-­diversity   (i.e.,   the   phylogenetic  
dissimilarity  among  communities;;  Table  1).  
  
Alpha-­diversity  was   found   to  be   lower   in  diseased  relative   to  healthy   tissues  
(Figure   2).   A   GLM   with   quasipoisson   error   structure   using   observed   OTU  
count  (a  proxy  for  species  richness)  as  a  response  term  showed  a  main  effect  
of   tissue   type   (symptomatic   or   asymptomatic)   (F1,70=7.978,   p=0.006)   and  
latitude   (F1,70=4.427,   p=0.0390,   Figure   1),   with   only   a  marginally   significant  
main  effects  of  symptom  index  (F1,70=3.136,  p=0.081),  and  no  main  effects  of  
leaf  miner  infestation  (F1,68=0.4996,  p=0.482),  DBH  (F1,67=0.532,  p=0.469),  or  
Longitude  (F1,69=0.1.226,  p=0.272),  and  no  significant  interaction  terms.  When  
the  Chao  1  index  was  used  as  a  response  term  (an  alpha  diversity  measure  
that  accounts  abundance),   the  only  significant  predictor  was   found   to  be  an  
interaction   between   tissue   type   and   symptom   index   score   (F1,66=8.175,  
p=0.0057).    
  
Similarly,   both   tissue   type   and   symptom   index   are   significant   predictors   of  
beta-­diversity  (Table  1,  Figure  3).  In  addition,  we  found  a  significant  effect  of  
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latitude,  but  no  effect  of  month  sampled,  leaf  miner  infestation,  altitude,  or  tree  
diameter   on   beta   diversity   of   the   microbial   communities.   When   weighted  
unifrac  scores  were  used,  thus  taking  a  measure  of  abundance  into  account,  
symptom   index   scores   was   the   only   significant   predictor   of   beta   diversity  
(Table   S1).   As   a   further   test   of   differences   between   healthy   and   diseased  
tissue,   we   compared   only   the   13   trees   for   which   both   symptomatic   and  
asymptomatic   samples  were  successfully   sequenced,   therefore   removing  all  
environmental  effects.  We  again  found  an  effect  of  the  tissue  type  sampled  on  
both   the   alpha   diversity   (GLM,   observed   species,   F1,25=4.433,   p=0.0459.  
Chao   1,   F1,25=5.438,   p=0.0284)   and   beta-­diversity   (PERMANOVA,  
unweighted  unifrac,  F=4.71,  p=0.0212).  
  
  
  
  
	   118	  
  
  
  
Figure   1.   Map   of   the   UK   and   sampling   sites   with   size   of   the   point   and   colour  
representing   the   observed   species   at   each   location.   Samples   were   collected   in   3  
sweeps  of  the  UK  to  account  for  seasonal  effects  
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Figure  2.  Species  richness   is  decreased   in   tissues  exhibiting  symptoms  of  bleeding  
canker  disease.  GLM  F1,69=7.86,  p<0.01.    
  
  
0
10
20
30
40
50
A S
Tissue Type
O
bs
er
ve
d 
O
TU
s
	   120	  
  
Figure   3.   Non-­metric   multidimensional   scaling   of   unweighted   UniFrac   scores  
coloured   by   tissue   type   (symptomatic   vs   asymptomatic).   Permutational   anova  
revealed  tissue  type,  symptom  severity  score  and  latitude  to  be  significant  predictors  
of  differences  in  beta-­diversity.  
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Figure   4.   Species   richness   based   on   observed  OTUs   is   negatively   correlated  with  
asymptomatic   tissues   but   not   symptomatic.   This   suggests   that   all   symptomatic  
tissues   are   similar   but   the   richness   of   asymptomatic   is   reduced   when   a   tree   is  
exhibiting  greater  bleeding  canker  symptoms.      
  
Given  the  strong  signature  of  tissue  type  in  explaining  both  beta-­  and  alpha-­
diversity   across   all   samples,   and   to   determine   whether   these   results   were  
driving  the  observed  correlation  between  symptom  index  and  beta-­diversity  or  
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whether   there   were   whole-­tree   level   shifts   in   microbiota   composition   and  
diversity  associated  with  tree  health,  we  compared  the  microbial  composition  
from   only   asymptomatic   tissues   across   trees   that   ranged   from   healthy   to  
severely  diseased.   In   this  case,  we  found  the  only  predictor  of  beta-­diversity  
across  asymptomatic  tissues  was  bleeding  canker  symptom  index  of  the  tree  
host   (Table   2).   Looking   at   differences   in   particular   bacterial   phyla   across  
asymptomatic   tissues,   we   observed   a   negative   correlation   between   the  
relative   abundance   of   Actinobacteria   and   symptom   index   (Kendall   rank  
correlation;;   τ=   -­0.264,   P=   0.006)   and   a   positive   correlation   between   the  
relative   abundance   of   Proteobacteria   and   symptom   index   (τ=   0.287,   P=  
0.003).   Interestingly,   the   observed   association   between   tree   disease   and  
microbiota   composition  was   not   found  when   only   symptomatic   tissues  were  
compared   (Table   2),   and   in   the   latter   case   only   latitude   was   a   significant  
predictor  of  beta-­diversity.      
  
When   looking  at  changes   in  alpha  diversity  across  asymptomatic   tissues  we  
found   a   negative   correlation   between   species   richness   (OTU   counts)   and  
symptom   index   (F1,50=6.602,   p=0.0133),   but   no   correlation   between   these  
covariates   in   symptomatic   tissue   (F1,17=0.104,   p=0.752,   Figure   4).  
Interestingly,   when   the   Chao   1   index   was   used   as   the   response   term,   the  
negative  correlation  between  alpha  diversity  and  symptom  severity  remained  
significant   for   asymptomatic   tissues   (F1,50=6.323,   p=0.0153),   but   a   positive  
correlation   between   the   two   was   uncovered   for   symptomatic   samples  
(F1,21=5.254,  p=0.0329).    
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Taxa  specific  correlations  with  bleeding  canker  disease  
To   assess   the   contribution   of   Pae   to   the   observed   changes   in   community  
diversity,  we  compared   the   relative  abundances  of  Pseudomonas   (the   finest  
taxonomic   resolution   available   for   our   data)   between   both   tissue   types.  
Symptomatic   tissues   had   significantly   higher   levels   of   Pseudomonas   than  
asymptomatic   tissue  (GLM,  F1,78=4.135,  p=0.046).  As   the  plotted  distribution  
of   the   Pseudomonas   abundances   in   the   symptomatic   tissues   did   not   look  
evenly   spread   (not   shown),   we   hypothesized   that   aggregation   of   the   data  
could  be  a  result  of  misclassification  of  bacterial  disease.  For  example,  falsely  
ascribing   Pae   bleeding   canker   disease   to   a   lesion   infected   with   another  
pathogen   could   result   in   a   stem  wound   being   sampled   but   having   no   other  
bleeding-­canker   associated   symptoms.   To   explore   this   possibility,   we  
categorised   the  Pseudomonas  abundances   into   three  groups  and   looked   for  
differences   in   symptom   index   across   the   whole   tree’s   symptoms.   However,  
we   found  no   significant   difference  among  groups   in   levels   of  Pseudomonas  
(GLM,  Chi,  df=1,21,  p=  0.422).  
  
To  explore  the  contribution  of   the  class  from  which  Pseudomonas   is  derived  
(Gammaproteobacteria)   we   repeated   the   analyses  with   this   clade   removed.  
Removal  did  not  qualitatively  change  the  result,  with  reduced  species  richness  
in   symptomatic   tissues   relative   to   symptomatic   tissue   (GLM,   F1,72=10.57,  
p=0.002).   Likewise,   the   observed   negative   correlation   between   species  
richness   and   symptom   index   in   asymptomatic   tissues   was   also   consistent  
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after   the   removal  of   the  Gammaproteobacteria   (GLM,  F1,50=8.385,  p=0.006).  
Again,   this   correlation   was   not   apparent   with   the   symptomatic   tissues  
(F1,21=0.27,  p=0.609).    
  
Functional  variation  among  samples  
  
To   identify   functional  differences   in   the  microbial  communities  present   in   the  
two  disease  states  of  the  tissue  we  used  the  predicted  metagenome  based  on  
ancestral   state   reconstruction   (Langille   et   al.,   2013).   Whilst   we   identified   5  
gene  pathways  over-­represented  in  healthy  tissues  (Kruskal-­Wallis  Bonferroni  
adjusted   p<0.05,   DDT   degradation,   melanogenesis,   betalain   biosynthesis,  
beta-­Lactam  resistance  and  fluorobenzoate  degradation)  our  main  finding  was  
a   consistently   higher   representation   of   each   pathway   in   the   healthy   tissue  
(Paired  Wilcoxon,  V=12539,  p<0.0001).    
  
Table  1:  Permutational  ANOVA  with  unweighted  Unifrac  scores  and  key  covariates.  
Terms  in  bold  are  those  that  were  significant  at  95%.  
Full  model  with  all  sequenced  samples  included  
   Model  Terms   df   F   R2   P-­value  
   Month   2   0.467   0.010   0.752  
   Leaf  Miner   1   0.940   0.010   0.358  
   Latitude   1   7.170   0.074   0.003  *  
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   Altitude   1   0.810   0.008   0.405  
   Symptom  Index     1   11.43   0.120   0.001  *  
   Tree  diameter   1   0.180   0.002   0.926  
   Tissue  type   1   11.21   0.120   <  0.001  *  
   Residuals   64      0.660     
   Total   72      1.000     
Subset  of  trees  for  which  both  symptomatic  and  asymptomatic  tissue  was  sampled  
   Month   2   1.104   0.066   0.332  
   Leaf  Miner   1   0.320   0.010   0.742  
   Latitude   1   2.961   0.089   0.072  
   Altitude   1   0.389   0.012   0.666  
   Symptom  Index   1   1.074   0.032   0.313  
   Tree  diameter   1   3.886   0.117   0.042  *  
   Tissue  type   1   5.459   0.164   0.018  *  
   Residuals   17      0.510     
   Total   25      1.000     
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Table  2:  Unweighted  Unifrac  distances  among  communities  for  either  asymptomatic  
samples  (top)  or  symptomatic  tissue  samples  (bottom).  Terms  in  bold  are  those  that  
were  significant  at  95%.  
  
Asymptomatic  tissue  from  51  trees  
   Model  Terms   df   F   R2   P-­value  
   Month   2   0.494   0.018   0.835  
   Leaf  Miner   1   0.336   0.006   0.866  
   Latitude   1   1.217   0.022   0.271  
   Altitude   1   2.255   0.041   0.082    
   Symptom  Index   1   6.869   0.125   0.002  *  
   Tree  diameter   1   0.380   0.007   0.835  
   Residuals   43      0.780     
   Totals   50      1     
Symptomatic  tissue  from  21  trees  
   Month   2   0.929   0.068   0.424  
   Leaf  Miner   1   0.783   0.029   0.401  
   Latitude   1   6.001   0.221   0.014  *  
   Altitude   1   0.737   0.027   0.436  
   Symptom  Index     1   0.234   0.009   0.809  
   Tree  diameter   1   3.508   0.129   0.061  
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   Residuals   14      0.52     
   Total   21      1     
  
Discussion  
In  this  study,  we  demonstrate  that  infections  typical  of  Pae  are  associated  with  
altered   microbial   communities   in   terms   of   both   species   richness   and  
composition.   Our   key   finding   is   that   tissues   exhibiting   symptoms   typical   of  
bleeding  canker  disease  contain  a  consistently   lower  numbers  of  OTUs  than  
healthy  samples.  That  this  difference  between  healthy  and  diseased  tissues  is  
represented  by  both   species   richness  and  community   composition   suggests  
some  level  of  displacement,  or  antagonism.  This  result   is  robust  to  abiotic  or  
environmental  effects  as  we  re-­captured  a  similar  diversity  reduction  using  a  
subset  of  data   for  which  we  had  both  symptomatic  and  asymptomatic   tissue  
samples  from  the  same  tree.    
  
As  well  as  examining  two  types  of  tissue  we  also  measured  the  overall  health  
of   the   tree  based  on  an   index  score  of  symptoms   typical  of  bleeding  canker  
disease.  Whilst  we  did  find  a  positive  correlation  with  tree  health  and  microbial  
diversity   this   was   only   relevant   for   asymptomatic   samples.   Interestingly,  
symptomatic  tissue  samples  showed  no  such  correlation  between  health  and  
diversity,   suggesting   the   microbial   communities   of   symptomatic   tissues   are  
largely   the  same,   irrespective  of   the  severity  of   the  disease   in  other  parts  of  
the   tree.   The   observed   correlation   in   the   asymptomatic   tissues   could   be  
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driven  by   two   (or  more)  processes.  The   first   is   that   the  symptomatic   tissues  
are   seeding   the   other   areas,   such   symptomatic   sites   across   the   tree   exude  
high  numbers  of  the  pathogen,  in  turn  reducing  the  diversity  of  asymptomatic  
sites.   Dispersal   of   high   numbers   of   bacteria   has   been   demonstrated   in  
Ralstonia  solanacearum  infections,  even  in  asymptomatic  plants  (Swanson  et  
al.,  2007)  and  P.  syringae   is  easily  spread  by  both  rain  splash  and  aerosols  
(Lindemann  et  al.,  1982;;  Butterworth  and  McCartney,  1991).  Secondly,  there  
may  be  an  indirect  effect  of  infection,  such  as  a  host  immune  response,  that  is  
having   a   systematic   effect   on   the   bacterial   communities   across   the   tree,   in  
turn  reducing  diversity.  Indeed,  beneficial  microbes  have  been  shown  to  prime  
the  plant  immune  response  to  pathogen  challenge  (Van  der  Ent  et  al.,  2009)  
but  the  reverse  could  also  occur,  where  a  pathogen  induced  response  affects  
commensal  bacteria.  Under  this  scenario,  pathogen  challenge  could  result   in  
a   tree   eliciting   an   immune   response   that   affects   all   associated   bacteria,  
systematically   reducing  diversity.  The   immune  response   in   trees   is   reviewed  
in   Kovalchuk   et   al.   (Kovalchuk  et   al.,   2013)   and  whilst   it   could  mediate   the  
interplay  between  beneficial  and  pathogenic  organisms,  more  work  is  required  
to  understand  the  specificity  of  the  tree  microbiome.  These  direct  and  indirect  
processes  are  not  mutually  exclusive,  and  could  act   in  synchrony   to   reduce  
bacterial  diversity  across  the  whole  tree.      
A  final  diversity  result  was  that  there  was  an  effect  of  latitude  on  beta-­diversity  
in  some  situations.  In  the  UK,  latitude  is  a  good  proxy  for  climate.  Therefore,  it  
may  not  be  surprising  that  symptomatic  tissues  were  affected  by  latitude  given  
that  P.  syringae   is  associated  with   the  water   cycle   (Morris  et  al.,   2008)  and  
can  cause  damage  by  ice-­nucleation  (Lindow,  1983).  At  present  the  direction  
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of   this   relationship   is  unclear,  however   future  work  on  climatic  variables  and  
the  severity  of  Pae  infection  aid  our  understanding  of  this  outbreak.    
To  explore  which  specific  taxa  were  being  excluded  we  looked  for  correlations  
between   the   overall   tree   health   and   different   taxonomic   groups   in  
asymptomatic  tissues.  As  we  found  a  positive  correlation  between  the  relative  
abundance   Proteobacteria,   inversely   correlated   with   Actinobacteria,   this  
suggests   that   there   may   be   an   antagonistic   relationship   between   the   two  
classes.  Whilst   this   is   hard   to   test   given   then   variability   of   species  within   a  
class,   some   efforts   have   been   made   to   classify   phyla   into   ecologically  
meaningful  categories  (Fierer  et  al.,  2008).  Moreover,  community  function  can  
be  similar  even  when  phylogenetic  differences  are  high  (Burke  et  al.,  2011).    
An   alternative   argument   is   that   the   Actinobacteria   are   frequently   soil-­
associated   and   are   likely   transferred   from   the   soil   to   the   bark,   thus   as   the  
second  most  abundant  class   in  our  dataset  any  reduction   in  diversity  will  be  
manifested  most   strongly   in   this   clade.   The   effect   of   increases   in   pathogen  
abundance  on  the  remainder  of  the  microbial  community  is  largely  unknown  in  
trees  and  may  not  be  straightforward.  For  example,  the  ability  of  a  pathogen  
to  degrade  plant   tissues  might   increase   the  availability  of  nutrients   for  other  
saprotrophic  bacterial  species.  Therefore,   the  observed  reduction   in  diversity  
may   not   reflect   a   loss   of   bacterial   biomass,   and   could   actually   favour   the  
remaining  species.  Quantifying  total  abundance,  not   just  relative  abundance,  
is   crucial   for   estimating   the   effective   population   size   of   a   species  
(Charlesworth,  2009)  yet  remains  a  challenge  for  high-­throughput  microbiome  
studies,   particularly   due   to   chloroplast   DNA   contamination   (Rastogi   et   al.,  
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2010),   thus   limiting   our   ability   to   predict   the   ecology   and   evolution   of  
pathogenic  microbes.  
  
A  similar  challenge  for  microbiome  studies  is  understanding  the  functional  role  
of  the  observed  microbes.  We  initially  employed  this  method  to  identify  gene  
pathways   over-­represented   in   symptomatic   tissues.  We   found   a   number   of  
pathways   over-­represented   only   in   healthy   tissues,   including   the   top   hit   of  
DDT  degradation-­  a  pathway  associated  with   the  ability   to  degrade   lignin   in  
fungi   (Barr   and  Aust,   1994;;  Pointer,   2001).  Presumably,   some   level   of   host  
degradation  may  be  occurring  even  in  healthy  tissues,  which  lends  support  to  
the  idea  that  there  are  few  truly  neutral,  commensal  bacteria.  Our  main  finding  
from   the   functional   analysis   was   that   every   observed   gene   pathway   was  
under-­represented   in   the   symptomatic   tissues   implying   that   a   reduced  
functional,   as   well   as   taxonomic,   diversity   is   a   likely   scenario   in   diseased  
tissues.    
  
Conclusion  
In   conclusion,   we   find   a   striking   pattern   of   both   reduced   alpha   and   beta  
diversity   between   symptomatic   and   asymptomatic   tissue   samples   in   horse  
chestnut   trees   infected  with  Pae.  Alpha  diversity   is   inversely   correlated  with  
tree  health,  but  only   in  asymptomatic   tissues,  with  associated   increases  and  
decreases   in   the   relative   abundances   of   Proteobacteria   and   Actinobacteria  
respectively.   Additionally,   the   increased   prevalence   of   Pseudomonas  
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sequences   in   symptomatic   tissues   suggest   it   may   be   possible   to   track  
infection   with   high-­throughput,   sequence   based   methods   but   we   find   no  
evidence   for   over-­representation   of   any   gene   pathways   in   symptomatic  
tissues.   Crucially   these   results   provide   evidence   for   an   effect   of   microbial  
community  on  disease  burden  in  trees,  either  through  the  perturbation  of  the  
microbial   community   allowing  Pae   population   expansion,   or   by  Pae   directly  
reducing  diversity  through  competition.    
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Chapter   7.   The   effects   of   host   age   and   spatial   location   on   bacterial  
community  composition  in  the  English  Oak  tree  (Quercus  robur)  
  
Summary  
Drivers   of   bacterial   community   assemblages   associated   with   plants   are  
diverse   and   include   biotic   factors,   such   as   competitors   and   host   traits,   and  
abiotic  factors,  including  environmental  conditions  and  dispersal  mechanisms.  
We   examine   the   roles   of   spatial   distribution   and   host   size,   as   an  
approximation   for   age,   in   shaping   the  microbiome   associated   with  Quercus  
robur   woody   tissue   using   culture-­independent   16S   rRNA   gene   amplicon  
sequencing.   In   addition   to   providing   a   baseline   survey   of   the   Q.   robur  
microbiome,  we  screened  for  the  pathogen  of  acute  oak  decline.  Our  results  
suggest   that   age   is   a   predictor   of   bacterial   community   composition,  
demonstrating  a  surprising  negative  correlation  between   tree  age  and  alpha  
diversity.   We   find   no   signature   of   dispersal   limitation   within   the   Wytham  
Woods   plot   sampled.   Together,   these   results   provide   evidence   for   niche-­
based  hypotheses  of  community  assembly  and  the  importance  of  tree  age  in  
bacterial   community   structure,   as   well   as   highlighting   that   caution   must   be  
applied  when  diagnosing  dysbiosis  in  a  long-­lived  plant  host.    
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Introduction  
Many  lines  of  evidence  suggest  that  microbes  are  crucial  for  plant  health  and  
function   (Kim   et   al.,   2011;;   Berendsen   et   al.,   2012),   and   yet   we   have   a  
relatively   poor   understanding   of   which   mechanisms   shape   the   plant-­
associated  microbial  community  or  how  this  might  in-­turn  influence  host  traits.  
Furthermore,   although   plant   microbiome   research   has   primarily   focused   on  
the   below   ground   portion   of   the   plant   (the   rhizosphere),   knowledge   of   the  
phylloplane   (the  microbial   composition   of   leaves)   is   increasing   (Lindow   and  
Brandl,   2003;;   Vorholt,   2012),   demonstrating   an   equally   important   role   in  
shaping   plant   phenotype.   Still   less   is   known   regarding   the   microbial  
composition  of  other  organs,  with  distinct  communities  reported  across  tissues  
within   the   host,   often   playing   a   more   important   role   than   biogeography  
(Ottesen  et  al.,  2013;;  Leff  et  al.,  2014;;  Coleman-­Derr  et  al.,  2016).  For   tree  
species  in  particular,  the  dermosphere  (bark  associated  microbial  community,  
(Lambais   et   al.,   2014)   may   be   particularly   important   given   that   bacterial  
pathogens   often   invade   the   host   through  wounds   in   the   bark   (Tattar,   2012;;  
Misas-­Villamil   et   al.,   2013).   This   variation   among   tissues   mirrors   what   is  
observed   in   other   long-­lived   hosts,   including   humans,   where   data   is   most  
abundant;;   distinct   bacterial   communities   have   been   isolated   from   different  
skin  sites   (Grice  et  al.,  2009)  and   these  differences  appear  stable  over   time  
(Costello  et  al.,  2009).  Such  variation   is  also   likely   to  exist  across   individual  
plant   microbiomes   given   that   they   can   be   heritable   (Peiffer   et   al.,   2013),  
shaped   by   host   genetics   (Bodenhausen  et   al.,   2014;;   Beckers  et   al.,   2016),  
and   play   functional   roles   that   include   sensitizing   the   plant   immune   system  
(Pieterse  et  al.,  2014).  
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The   root-­associated  microbiomes  of  healthy  Arabidopsis  plants  are  arguably  
the   best   understood   plant   microbiome   (Lundberg   et   al.,   2012)   with   the  
mechanisms   behind   host   regulation   recently   coming   to   light   (Lebeis   et   al.,  
2015).   However,   many   more   non-­model   plant   species   have   had   their  
microbiomes  characterized.  For  example,  a  number  of  studies  have  explored  
the   nature   of   tree   microbiomes,   providing   baseline   taxonomic   surveys   and  
assessing   the   drivers   of   community   composition,   typically   contrasting   host  
traits  with  climatic  or  geographic  variables.  Many  of  these  studies  find  a  strong  
effect  of  host  phylogeny  on   the  bacterial  community,  with  a  greater  effect  of  
tree  species  than  geographic  distance,  even  across  continents  (Redford  et  al.,  
2010;;  Lambais  et  al.,  2014).  Similarly,   in  a   tropical  environment   in  Malaysia,  
Kim   et   al.   (Kim   et   al.,   2012)   found   a   strong   signal   of   host   phylogeny   on  
bacterial   community   composition.   Functional   host   traits   such  as   growth   rate  
and   leaf  mass  have  also  been  demonstrated  as  key  drivers  of   composition,  
alongside  phylogeny  (Kembel  et  al.,  2014).  In  contrast,  Finkel  et  al.  (Finkel  et  
al.,  2012)  found  trees  of  the  same  species  in  a  different  desert  locations  host  
distinct   microbial   communities.   Given   these   conflicting   results   across   the  
scales  examined,  it  is  unclear  whether  phylloplane  microbiomes  are  subject  to  
niche-­based  or  neutral  models  of  community  assembly.    
  
Specifically,   the   roles   of   dispersal   and   immigration,   in   combination   with  
ecological   selection   and   drift   (Vellend,   2010),   have   been   the   focus   of   a  
number   of   theoretical   models   of   community   assembly,   many   of   which   are  
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applicable  to  microbes  (Sloan  et  al.,  2006;;  Nemergut  et  al.,  2013).  The  niche  
assembly  model  states  that  the  dispersal  of  bacteria  is  unhindered  by  physical  
constraints,   and   all   organisms   can   be   found   anywhere   but   it   is   the  
environment  which   selects   for   their   persistence   (de  Wit   and  Bouvier,   2006).  
Conversely,  the  dispersal  assembly  hypothesis  states  that  the  biodiversity  we  
observe  can  largely  be  explained  by  stochastic  local  extinctions  and  dispersal-­
limitation,   typified  by   the   idea  of   island  biogeography  (Hubbell,  2001;;  Volkov  
et   al.,   2003).  Whilst   this   is   essentially   the   “niche   vs.   neutral”   debate,   Fierer  
(Fierer,   2008)   provides   the   nuances   of   the   microbial   context   including   the  
much   higher   species   richness   and   evenness,   and   the   rapidity   of   species  
turnover  typical  of  most  bacterial  communities.    
  
The  English  oak  tree,  Quercus  robur,  study  system  provides  an  opportunity  to  
test  these  competing  hypotheses.  If  microbial  community  assembly  is  purely  a  
dispersal-­driven   process,   we   would   predict   a   positive   relationship   between  
tree   age   and   diversity,   as   older   organisms   will   have   experienced   more  
colonization  events.  Such  a  positive   relationship  has  been  demonstrated   for  
trees   and   their   plant   epiphytes   and   lichens   (Flores-­Palacios   and   Garcia-­
Franco,  2006;;  Johansson  et  al.,  2007),  but  has  not  been  shown  before  in  tree-­
associated  bacterial  communities.  Alternatively,  if  the  process  is  strictly  niche-­
driven,   older   trees   could   represent   an   alternative   environment   to   smaller  
trees,  favoring  proliferation  of  particular  species  but  not  necessarily  harboring  
a  greater  diversity.  
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As   well   as   dispersal,   host   traits   are   likely   to   govern   the   microbes   present.  
Among   the   host   factors   known   to   influence   microbial   diversity,   host   age   is  
often   a   key   predictor.   Data   from   humans   suggests   diversity   consistently  
increases  with  age  from  birth  across  populations  (Yatsunenko  et  al.,  2012).  In  
insects,   honey   bee   queens   undergo   massive   compositional   shifts   in   their  
microbiome   as   they   age   (Tarpy   et   al.,   2015)   and   in   a   wild   bird,   Rissa  
tridactyla,   chicks   harbor   a   greater   diversity   of   bacteria   than   adults   (van  
Dongen  et  al.,  2013).  In  plants,  bacterial  diversity  can  be  highest  on  younger  
leaves  in  lettuces  (Dees  et  al.,  2015),  however  the  evidence  is  mixed  as  tree-­
associated   bacterial   communities   can   be   strongly   influenced   by   season  
(Peñuelas  et  al.,  2012).    
  
In  this  study  we  describe  and  explore  the  bacterial  composition  of  Q.robur  tree  
cores   in  a  well-­studied  UK   forest,  Wytham  Woods,   in  order   to  answer   three  
key  questions:   firstly,  what  are   the   typical  bacterial   taxa  associated  with   this  
Woodland  site;;  secondly,  does  geographic  distance  affect  dispersal,  such  that  
there   is   a   spatial   pattern   of   community   composition   and   distance   between  
trees;;   and   thirdly,   is  Q.   robur   host   age   or   location   important   in   structuring  
bacterial  communities.  To  answer  these  questions,  we  first  describe  the  tree-­
associated  microbiota  using  amplicon  sequencing  of  the  16S  rDNA  gene  of  64  
trees.   Using   a   long-­term   woodland   census   we   then   assess   correlations  
between   alpha   and   beta   diversity   and   factors   such   as   age   and   spatial  
location.  Additionally,  we  use  these  data  to  compare  the  predicted  metabolic  
functionality  and  screen  our  dataset   for   the  pathogenic  clade  Brenneria,   the  
causative  agent  of  acute  oak  decline,  from  which  the  UK  Q.  robur  population  
	   137	  
is   currently   experiencing   an   epidemic   (Denman   et   al.,   2012).   This   survey  
presents   a   unique   opportunity   to   assess   the   practicality   of   high   throughput  
sequencing   in   environmental   monitoring.      Given   the   critical   importance   of  
detecting  and  preventing   the  emergence  of   tree  diseases  before   large-­scale  
spread,  a  better  understanding  of  tree  microbiomes  offers  additional  value  in  
surveillance.    
  
  
Experimental  Procedures  
Study  System  
Wytham   Woods   is   one   of   the   most   intensively   studied   tree   populations   in  
Europe  and  undergoes  extensive  surveys  every  2  years.  As  such,  it  provides  
a  practical   system   for   correlating  a   vast   number  of   ecological   variables  and  
demographic   traits   and   has   been   the   source   of   numerous   important   papers  
(Hunter  et  al.,  1997;;  Morecroft  et  al.,  2003;;  Butt  et  al.,  2009).  The  UK  Q.  robur  
population  is  suffering  a  number  of  infectious  diseases,  collectively  known  as  
oak   decline.   This   comprises   chronic   oak   decline,   sudden   oak   decline   and  
acute  oak  decline   (AOD)   (Denman  and  Webber,  2009).  Symptoms,  such  as  
stem   bleeding,   are   strikingly   similar,   which   makes   misdiagnosis   with  
Phytophthora   or   bupestrid   beetles   possible.   A   number   of   bacterial   species  
from   the  Brenneria   genus   have   been   isolated   from  Q.   robur   trees   suffering  
from  AOD  and  it  is  likely  that  this  species  is  the  causal  agent  (Denman  et  al.,  
2012).  The  disease  has  not  yet  been  reported  in  Wytham  Woods  (Kirby  et  al.,  
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2014)   so   the  absence  of  Brenneria   species  on  healthy   trees  would  buttress  
the  existing  evidence  that  Brenneria  is  the  primary  pathogen.  
  
Site  sampling  
We  sampled  64  Q.  robur  trees  in  a  single  hectare,  collecting  192  samples  in  
over  3  days   in  September,  2013.  Tree  diameter  at  breast  height   (DBH)  was  
recorded  as  a  proxy  for  tree  age.  This  method  is  endorsed  by  the  UK  forestry  
commission  as  a  non-­destructive  mode  of  estimating   tree  age  (Commission,  
1998).  Whilst  comparisons  among  trees  at  different  sites  due  to  crowding  may  
be   inaccurate,   comparisons   of   the   same   species   at   the   same   site   provides  
reliable  estimates  of  tree  age.  Further,  using  trees  from  our  dataset  that  had  
known  planting  dates,  we  observe  a  linear  relationship  between  diameter  and  
age,  reinforcing  the  view  that  DBH  is  a  good  proxy  for  age  (SI,  Figure  1).    
  
Core  tissue  samples  were  obtained  using  the  Trephor  tool  (Rossi  et  al.,  2006),  
allowing  for  three  small  (approximately  3  cm)  microcore  samples  to  be  taken  
at   breast   height   at   three   separate   sites   (North,   Southwest,   and   Southeast).  
The   tool  was  sterilized  and  wiped   thoroughly  using  70%  ethanol   in  between  
each   sample   extraction.   Samples   were   flash   frozen   in   the   field   for  
transportation  back  to  the   laboratory.  Upon  return  to  the   laboratory,  samples  
were  homogenized  using  a  Fast-­Prep  24  instrument  (MP  Biomedicals)  for  five  
minutes   with   the   addition   of   two   0.5cm   steel   beads.   Total   DNA   was   then  
extracted   from   the   resulting  homogenate  using  a  Qiagen  DNeasy  Plant  Mini  
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Kit,   following   the  protocol  provided.  For  amplification  of   the  V4   region  of   the  
16S  rDNA  gene,  the  universal  primer  set  GTGCCAGCMGCCGCGGTAA  (5'  -­-­
-­  3')  and  GGACTACHVGGGTWTCTAAT  (5′  -­-­-­  3′)  was  used.  
  
Brenneria  amplification  
To   demonstrate   that   the   primers   used   in   our   study   could   amplify  Brenneria  
goodwinii   we   cultured   strain   931-­23   (provided   by   R.   Jackson,   University   of  
Reading)  and  chose  a  random  subset  of  5  of  the  primers  used  to  amplify  the  
V4  region  to  test  for  amplification  in  these  positive  controls.    
  
Bioinformatic  analysis  
Illumina  MiSeq  250bp  paired-­end  reads  were  demultiplexed  and  de-­barcoded  
at   the   sequencing   centre   (Source   Biosciences,   Oxford).   Sequences   have  
been  deposited   in   the  NCBI  short-­read  archive   (accession  PRJNA  298668).  
Quality   filtering   of   reads   was   conducted   using   the   Qiime   (1.9.0)   pipeline  
(Caporaso   et   al.,   2010).   Reads   were   joined   and   filtered   with   the   default  
settings   (Bokulich   et   al.,   2013).   Briefly,   a   maximum   of   3   consecutive   low  
quality   base   calls   was   allowed   before   truncating   the   read,   phred-­score  
threshold  was  set  at  30  (which  provides  a  99.9%  accuracy  of  base  call),  75%  
of  the  read  was  required  to  consist  of  high-­quality,  consecutive  base  call  and  
all   reads   with   N   character   base   calls   were   dropped.   Open   reference   OTU  
picking   was   conducted   using   the   Uclust   algorithm   and   the   Silva   111   16S  
rDNA  database  at  the  97%  identity  level  (Pruesse  et  al.,  2007;;  Edgar,  2010).  
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Chimera   removal   was   performed   with   Chimera   Slayer   (Haas   et   al.,   2011);;  
OTUs  present  at  abundances  less  than  0.005%  of  the  dataset  were  removed  
as  were  OTUs  observed  in  only  a  single  instance,  as  both  are  known  to  inflate  
diversity   estimates   (Bokulich   et   al.,   2013).   Mitochondrial   and   chloroplast  
sequences  were   also   removed.   This   left   a   remaining   dataset  with   a   total   of  
1013881  sequences  spread  across  115  samples,  containing  a  median  count  
of   1830   sequences   per   sample   (mean   8816,   length:   251.8   bp).   Using   the  
same   trimmed  sequence   files,  closed-­reference  OTU  picking  was  performed  
against   the  GreenGenes   (1.5)   (DeSantis  et  al.,  2006)  database   (as   required  
by  Picrust)  using  the  uclust  algorithm  implemented  in  Qiime  (1.9).  Functional  
predictions  of  observed  taxa  was  made  using  the  Picrust  program  (Langille  et  
al.,  2013)  using  the  Kegg  orthology  database  (Kanehisa  et  al.,  2014).    
  
Statistical  analysis  
Rarefaction  was  performed  for  diversity  analyses  to  a  depth  of  500  sequences  
per  sample.  Whilst   this   is   relatively   low  for  microbiome  studies,  we  aimed  to  
maintain   high   levels   of   biological   replication   at   the   cost   of   sampling   depth  
within   individual   samples.   Pseudo   R2   values   were   calculated   using   the  
residual   and   null   deviance   from   model   outputs   as   described   in   Faraway  
(2006).  UniFrac  scores  were  generated  in  Qiime  and  statistical  analyses  were  
performed  in  R  (R  Core  Team,  2015)  using  the  packages  ‘vegan’  (Oksanen  et  
al.,  2016)  and  ‘cluster’  (Maechler  et  al.,  2015).    
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Figure  1.  Conceptual  diagram  of  potential  drivers  of  bacterial  community  composition  
in   our   Oak   tree   system.   Communities   may   be   seeded   from   wind   and   rain   driven  
dispersal,  or  colonize   the  plant  directly   from   the  soil  during  growth.  Following   initial  
colonization,  the  microbes  must  survive,  and  potentially  thrive,  in  the  observed  niche.  
The  niche   is   likely   to  be  dictated  by,  among  others,  competition   for  host   resources,  
predation  and  environmental  conditions.    
  
  
Results  
  
Baseline  survey  of  the  Quercus  robur  microbiome  
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The   most   abundant   bacterial   class   observed   within   our   samples   was   the  
alphaproteobacteria,   with   a  mean   relative   abundance   of   26%   (+/-­   12   S.D.),  
followed   by   the   thermoleophilia   with   22%   (+/-­   15   S.D.),   and   the  
betaproteobacteria,   contributing   a   mean   of   13%   (+/-­   15   S.D.).   Overall,  
acidobacteria,   actinobacteria   and   proteobacteria   were   the   three   most  
abundant  phyla,  making  up  over  80%  of  OTUs  (Figure  1).    
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Figure   2.   Randomly   selected   barplots   showing   the   9   most   common   bacterial   taxa  
ordered  by  ascending  tree  age  (from  left  to  right).  Alpha  diversity  decreases  in  older  
trees   and   there   is   much   variation   in   beta-­diversity.   Only   those   taxa   with   a   mean  
relative  abundance  greater  than  2.5%  across  the  entire  dataset  were  retained  for  the  
figure  for  clarity. 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Age  related  decline  in  microbial  diversity  
We   identified   a   weak   negative   correlation   between   tree   size   and   species  
richness   (using   observed   OTUs)   when   controlling   for   uneven   sampling   of  
individual   trees   (GLM,   F1,87=4.13,   p=0.0453,   pseudo   R2=0.048)   (Figure   2.).  
Observed  OTU  count  was  used  as  the  measure  of  species  richness,  however  
the   result  was  non-­significant  when  Faith’s  phylogenetic  distance  or  Chao  1  
estimator  (Chao  et  al.,  2004)  was  used  (p=0.12  and  0.16  respectively).  There  
was   no   effect   of   sample   orientation   (cardinal   direction),   and   this   factor  was  
therefore   excluded   from   the   model   during   stepwise   model   simplification.  
Interestingly,   these   correlations   strengthened   when   sample   size   was  
increased  to  110  samples  by  using  a  lower  rarefaction  depth  (100  sequences,  
data  not   shown).  A  similar   result  was  mirrored  by  beta-­diversity,  where   tree  
size  was  a  significant  predictor  of  microbial  community  composition  using  both  
abundance   weighted   UniFrac   scores   (PERMANOVA,   F1,87=4.63,   p=0.0036,  
R2=0.052,   permutations=9999)   and   unweighted   UniFrac   scores  
(PERMANOVA,   F1,87=2.93,   p=0.027,   R2=0.033,   permutations=9999)   when  
tree  ID  was  controlled  for.    
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Figure   3.   Age   based   decline   in   species   richness   based   on   species   richness,   as  
measured  by  observed  OTUs,  following  rarefaction  to  a  depth  of  500  sequences  per  
sample.  GLM,  F1,87=4.13,  p=0.0453.  Intercept  =142,  slope  =  -­  0.045.   
  
Taxa  correlations  
To   investigate  changes   in  composition   further  we  performed  Spearman  rank  
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significant   associations   following   correction   for   multiple   testing.   To   further  
assess   whether   there   were   higher   taxonomic   level   associations   between  
specific  bacterial   clades  and   tree  size  we  selected   the   three  most  abundant  
phyla.   Collectively,   the   Proteobacteria,   Actinobacteria   and   Acidobacteria  
made  up  over  80%  of  our  sequences.  We  found  a  significant  decrease  in  the  
relative  abundance  of  Proteobacteria  with  tree  size  (Kendall’s  rank  correlation,  
τ=-­0.22,  z=-­3.39,  p=0.0007),  a  significant   increase   in   the  relative  abundance  
of  Actinobacteria   (τ=0.19,   z=3.04,  p=0.0023)  and  a  non-­significant  decrease  
in   Acidobacteria   (τ=-­0.14,   z=-­2.13,   p=0.033)   following   Bonferroni   correction  
(Figure  3).    
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Figure   4.   Taxa-­specific   correlations  with  Oak   Tree   age.   The   relative   abundance   of  
Actinobacteria  increases  with  tree  age  (triangles,  solid  line,  intercept  =  0.25,  slope  =  
0.00030)   (Kendall’s   rank   correlation,   τ=0.19,   z=3.04,   p=0.0023),   whilst   the   relative  
abundance  of  Proteobacteria  declines  (crosses,  dashed  line,   intercept  =  0.56,  slope  
=   -­0.00026)   (τ=-­0.22,   z=-­3.39,   p=0.0007).   The   relative   abundance   of   Acidobacteria  
also  declines  however  this  is  non-­significant  after  Bonferroni  correction  (τ=-­0.14,  z=-­
2.13,  p=0.033).    
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Functional  predictions  
In   order   to   predict   how   the   function   of   communities   associated   with   our  Q.  
robur  trees  changed  as  they  aged  we  created  a  predicted  metagenome  using  
the  Picrust  program  (Langille  et  al.,  2013).  However,  we  found  no  correlation  
between   any   of   the   predicted   individual   genes   or   functional   pathways  
associated   with   our   observed  microbiome   and   tree   size,   perhaps   indicating  
high  functional  redundancy  of  the  more  diverse  microbiota  of  smaller  trees.    
  
Assessing  spatial  patterns  
Finally,   to   look   for   patterns   of   biogeography,   or   dispersal   limitation,   we  
performed  Mantel   correlations   between   a   spatial   matrix   from   the   Euclidean  
distances   between   trees   and   the   UniFrac   scores   that   measure   bacterial  
community   composition.   A   correlation   would   be   indicative   that   the   spatial  
distribution   of   trees   does   indeed   affect   the   bacterial   composition   of   the  
community.  There  was  no  effect  of  abundance  for  either  weighted  (Mantel  r  =  
0.0009,  p=0.47,  permutations=9999)  or  unweighted  UniFrac  scores  (r=0.002,  
p=0.46,  permutations=9999),  suggesting  an  absence  of  dispersal  limitation.    
  
Brenneria  
Reassuringly,  we   found  no  sequences   identified  as  Brenneria   in  our  dataset  
(prior   to   rarefaction),   despite   confirming   that   all   our   tested   primers   could  
successfully  amplify  this  species  following  culture  in  vitro.    
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Discussion  
Our   study   of   the   bacterial   microbiomes   of   64   English   oak   trees   (Quercus  
robur)   in  a  single  woodland  provides  a  number  of   insights   into   the  drivers  of  
bacterial   community   structure   and   dispersal.   Firstly,   our   census   of   the  
microbiome  of  Q.  robur   tissue  is  consistent  with  a  previous  report   that   found  
the   same   3   most   dominant   phyla   in   the   roots   of   oak   trees:   Actinobacter,  
Proteobacteria   and  Acidobacter   (Uroz  et   al.,   2010).   The   high   abundance   of  
Acidobacter   is   also   consistent   with   other   culture-­independent   studies   of   the  
phyllospheric  microbiota  from  tropical  trees  (Kim  et  al.,  2012).    
  
By  comparing  tree  size  with  species  richness,  we  found  no  sign  of  an  increase  
in  bacterial  diversity  as  trees  age.  This  is  of  particular   interest  as  it  suggests  
factors   other   than   dispersal   affect   microbiome   structure,   as   would   be  
expected   by   an   increase   in   microbial   diversity   with   growth   as   a   result   of  
species   accumulation.  When   observed   OTUs   was   used   as   the  measure   of  
alpha   diversity   we   found   a   weak   but   significant   decline   in   species   richness  
with   tree   age.   Furthermore,   negative   correlations   between   tree   age   and  
species   richness   were   significant   when   the   sample   size   was   increased   by  
reducing  rarefaction  depth  (and  therefore  excluding  fewer  samples).  Detecting  
subtle   changes   in   species   diversity   require   maximal   statistical   power,   and  
there   is   clearly   a   trade-­off   between   sampling   depth   and   statistical   power.  
Exploring   this   trade-­off   in   regard   to   microbial   community   sampling   clearly  
warrants   further   study   as   alternative   approaches   have   yet   to   be   widely  
	   150	  
adopted  (McMurdie  and  Holmes,  2014).     Moreover,  quantifying   the  shape  of  
the   age-­diversity   relationship   through   the   tree   lifetime   requires   longitudinal  
studies  to  build  on  cross-­sectional  studies   like  the  data  presented  here.  One  
suggestion   for   observed   age-­related   differences   is   variation   in   the   chemical  
and  physiological  state  of   the  host   tissue  (van  Dongen  et  al.,  2013)  and  this  
could  be  the  case  between  younger  and  older  Q.robur  tree  tissues.    
  
  
  A   flat  or  negative  correlation  between   tree  age  and  bacterial  alpha  diversity  
contrasts  the  positive  association  found  between  epiphytic  plants  and  lichens  
and   tree   host   age   (Flores-­Palacios   and  Garcia-­Franco,   2006;;   Johansson  et  
al.,   2007)   perhaps   suggesting   that   bacteria   are   less   dispersal-­limited   than  
other   tree-­associated  organisms.  To  explore   these   ideas   further,   and  based  
on   the   conflicting   niche   assembly   and   dispersal   assembly   hypotheses  
(Hubbell,   2001;;   de  Wit   and  Bouvier,   2006),  we  predicted   that   if  microbiome  
structure   is   purely   a   function   of   dispersal,   such   that   communities   are  
assembled  by  stochastic  dispersal  events  and  local  extinctions,  we  would  find  
a   correlation   between   spatial   distance   among   trees   and   community  
dissimilarity   scores   (beta   diversity).   Conversely,   if   microbes   have   unlimited  
dispersal   within   the   forest,   as   is   often   assumed,   one   would   expect   no  
correlation  with  beta  diversity.  Our  results  suggest  that  latter  models  are  most  
informative,   whereby   we   find   no   signature   of   dispersal   limitation   (i.e.   the  
community  composition  of  our  samples  are  not  influenced  by  the  proximity  of  
others).  There  is  the  potential  for  microbes  to  disperse  at  global  scales  (Morris  
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et   al.,   2008),   however   evidence   for   true   cosmopolitan   distribution   has   been  
mixed  to  date  (Caporaso  et  al.,  2012;;  Finkel  et  al.,  2012;;  Sul  et  al.,  2013)  and,  
as   demonstrated   by   Bell   (Bell,   2010)   also   in   Wytham   Woods,   microbial  
dispersal  limitation  may  be  more  important  over  short  time  scales.  
  
  
We  also   found  an   increase   in   the   relative  abundance  of  Actinobacter  and  a  
decrease   in   Proteobacter   and   Acidobacter   (although   the   latter   was   only  
nearing   significance)   with   tree   size.      Mechanistically,   it   is   hard   to   ascribe  
functions   to   whole   phyla   as   they   encompass   a   range   of   morphologies,  
metabolic  diversity  and  pathogenicity  (Dworkin  et  al.,  2006).  The  Acidobacter  
are,  however,  reported  to  be  slow  growing  with  low  metabolic  rates  (Ward  et  
al.,  2009),  sometimes  referred  to  as  k-­selection  strategists  due  to  their  higher  
abundances   in   soils   with   lower   resource   availability   (Fierer   et   al.,   2008).  
Carbon  mineralization   rate   can  also  be  a  good  predictor   of  Acidobacter   soil  
abundance,  but  how  well  these  finding  translates  to  an  alternative  niche,  such  
as  tree  cores,  remains  unknown  (Fierer  et  al.,  2008).    If  this  were  the  case  in  
our  system  we  would  expect  Acidobacter  and  Proteobacteria   to  be   inversely  
correlated;;  but  we   find   the  opposite.     Maignien  et  al.   (Maignien  et  al.,  2014)  
have  also  suggested   that  phyllosphere  communities  are   first   colonized  by   r-­
strategists   (such   as   Acinetobacter   and   Pseudomonas).   Moreover,   when  
multiple  OTUs  of  the  same  species  are  present  in  the  source  community,  for  
example   rainfall,   only   one   becomes   established   in   the   phyllosphere  
community,  indicative  of  niche  competition  (Maignien  et  al.,  2014).  Given  that  
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the  Acidobacter  are  consistently  isolated  at  high  relative  abundances  from  soil  
it   seems   likely   that   the   soil   is   the  major   contributing   source   for   the   interior  
microbiota  of  oak  trees.  Acidobacter  have  also  been  detected  at  high  relative  
abundances   in   the   trunk  of  Gingko  bilbao   trees  but   not   in   the   leaves  of   the  
same  trees,  again  suggesting  soil  derived  rather  than  phyllospheric  dispersal  
(Leff  et  al.,  2014).  Whether   this   is   through  transport  of  microbes  through  the  
phloem   or   a   function   of   early,   seedling   colonization   remains   undetermined.  
Interestingly,  and  as  a  word  of  caution,  we  identified  the  presence  of  Ralstonia  
in  our  negative  sequencing  controls,  which  has  been  identified  by  Salter  et  al.  
(Salter  et  al.,   2014)  as  a  common  kit   contaminant.  However   this  group  also  
includes   many   plant   pathogens   and   wouldn’t   be   unexpected   in   our  
environmental   samples,   highlighting   the   difficulty   in   identifying   contaminant  
sequences  from  environmental  samples  and  the  need  for  negative  controls.    
  
Whilst  we   have   described   a   shift   in   bacterial   community   structure  with   age,  
the  correlations  between  specific  taxa  and  age  are  only  present  at  the  phylum  
level   and   not   at   the   OTU   level.   The   variability   in   genomic   content,   even  
among   closely   related   bacteria   (Perna   et   al.,   2001;;   Guidot   et   al.,   2007),   is  
often  used  to   justify  a   lack  of  ecological  or  metabolic  similarity  among  hosts.  
However   there   is   evidence   for   functional   convergence   at   higher   taxonomic  
ranks  (Philippot  et  al.,  2010),  including  trophic  and  biogeographic  differences  
(Fierer  et  al.,  2008;;  Philippot  et  al.,  2009).  One  mechanism  for  our  observation  
of   size-­based   differences   could   be   that   the   age   of   a   plant   is   the   most  
important   factor   in   determining   its   induced   defenses   (Quintero   and  Bowers,  
2011).   Indeed,   the  complex   interactions  between  host   immune  systems  and  
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commensal   bacteria   are   coming   to   light   in   different   systems   (Brestoff   and  
Artis,   2013;;   Franzenburg   et   al.,   2013).   For   example,   the   presence   of  
commensal   microbes   is   non-­random   in   a   tropical   tree   host   and   has   been  
demonstrated  to  prevent  pathogen  success,  particularly  in  fungal  endophytes  
(Arnold  et  al.,  2003).  
  
Despite  being  present  at  low  numbers,  many  species  could  collectively  play  a  
role   in   microbial   community   function.   To   explore   this   idea   further   we   used  
metagenomic  predictions  based  on  our  16S  sequences   to  assess   functional  
diversity.  Given   that  we   found  a  significant  shift   in   the  microbial  composition  
(at   the   Phylum   level)   with   tree   age,   we   expected   to   find   a   similar   effect   of  
functional  traits.  We  found  no  such  trend,  as  no  individual  genes  or  functional  
pathways  were  over  or  under  represented  in  older  tree  samples.  This  lack  of  
functional   correlation,   despite   a   taxonomic   correlation   implies   a   level   of  
redundancy  in  gene  pathways  among  bacterial  phyla,  or   lack  of  sensitivity   in  
the   methods   used   to   predict   a   metagenome.   If   the   latter   is   true,   and   the  
limitation  is  the  quality  of  annotation  in  metagenomic  databases  then  
ultimately,   more   metagenomic   sequencing   may   not   yield   more   insight   into  
community  function.    
  
A  focus  on  Q.  robur  allows  us  to  answer  some  important  applied  questions:  A  
reassuring   outcome   of   this   analysis   was   that   we   failed   to   identify   a   single  
sequence   from  Brenneria   species.  The  UK  oak  population   is  undergoing  an  
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epidemic  of  acute  oak  decline  (AOD)  and  the  Brenneria  clade  of  bacteria  have  
been   isolated   from   oaks   experiencing   the   disease   (Denman   et   al.,   2012).  
Koch’s  postulates  have  also  been  reported  in  the  Spanish  oak  (Quercus  ilex)  
(Poza-­Carrión  et  al.,  2008).  However  acute  oak  decline  was  not   found  to  be  
present   in  Wytham   in   2014   (Kirby   et   al.,   2014)   and   our   data   supports   that  
conclusion.   This   further   strengthens   the   inference   that   Brenneria   is   a  
causative  agent  of   the  disease,  as  suggested  by  Denman  et  al.   (Denman  et  
al.,  2012).  Our  census  provides  a  baseline  of  healthy  microbial  flora  in  UK  Q.  
robur  and  comparison  with  trees  in  diseased  states  is  a  crucial  area  for  further  
study.  Additionally,  the  observed  differences  in  microbiome  among  differently  
aged  trees  provides  a  caution  for  defining  tree  microbiome  health.  The  healthy  
microbiome   of   a   young   tree  may   well   appear   similar   as   that   of   a   dysbiotic  
microbiome   of   an   old   tree.   As   such,   when   using  microbiome   studies   in   the  
context  of  plant  health,  fair  comparisons  among  plant  demographics  must  be  
made  in  order  to  make  useful  diagnoses.  
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Chapter  8.    
Discussion  
Each  chapter  of  this  thesis  contained  its  own  detailed  discussion;;  the  purpose  
of   this   chapter   is   to  highlight   the  main   findings   from   the  preceding   chapters  
and  discuss  a  unifying  theme.    
Synopsis  of  each  chapter:  
Chapter  2:  
§   Resistance  to  antibiotics  increased,  in  part,  as  a  result  of  overuse  and  
mismanagement.  We  don’t  yet  know  the  risks  of  applying  large  
quantities  of  high  titre  phage  therapy  products  to  the  environment.  
§   As  with  antibiotics,  the  safe  use  of  phages  for  therapeutic  purposes  will  
require  effective  management  and  application.  A  measured  approach  
that  safeguards  clinically  important  phage  therapy  agents  is  required.  
§   Conducted  with  care,  phage  therapy  seems  unlikely  to  mirror  the  
problems  caused  by  antibiotic  overuse.    
  
Chapter  3:  
§   Mutants  of  Pseudomonas  syringae  that  evolved  resistance  via  a  single  
mutational  step  pay  a  substantial  cost  when  grown  on  tomato  plant  
hosts,  but  do  not  realize  any  measurable  growth  rate  costs  in  nutrient-­
rich  media.  
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§   Resistance  to  phages  can  significantly  alter  bacterial  growth  within  
plant  hosts,  and  therefore  phage-­mediated  selection  in  nature  is  likely  
to  be  an  important  component  of  bacterial  pathogenicity.      
§   Experiments  conducted  solely  in  the  laboratory  may  miss  important  
mutational  effects,  not  just  quantitatively  but  qualitatively.  Such  bias  
may  result  in  the  under-­reporting  of  evolutionary  trade-­offs.    
  
Chapter  4:  
§   I  present  4  novel  phage  genomes  capable  of  infecting  Pseudomonas  
syringae  pst  tomato.  
§   Whole-­genome  sequencing  of  four  novel  phages  found  no  evidence  for  
the  presence  of  virulence  factors,  but  highlights  some  limitations  in  the  
use  of  genomic  screens  for  predicting  success  as  a  phage  therapy  
agent.    
§   Standard  in  vitro  assays  can  be  used  to  infer  effectiveness  in  reducing  
bacterial  densities  of  Pseudomonas  syringae  in  tomato  plant  infections.  
§   Such  genomic  characterisation  of  phages  is  likely  to  become  a  key  part  
of  phage  therapy  pipelines  as  sequencing  costs  continue  to  fall  and  
portability  of  sequencing  equipment  increases  (Wang  et  al.,  2015).    
§     
Chapter  5:  
§   Repeated  passage  of  Pseudomonas  syringae  led  to  greater  virulence  
of  Arabidopsis  adapted  lines  in  both  allopatric  and  sympatric  hosts,  
whereas  Tomato  passaged  lines  showed  no  such  trend.    
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§   Whole  genome  re-­sequencing  identified  a  number  of  genes  harbouring  
mutations  in  the  same  genes  in  multiple  lines,  providing  candidates  for  
the  observed  phenotypic  change.  
§   Finally,  we  find  evidence  for  genome-­wide  parallel  evolution  at  the  
genetic,  but  not  pathway,  level  between  plant-­adapted  and  in  vitro  
adapted  lineages.    
§   These  results  have  important  applied  implications,  as  adaptation  to  a  
reservoir  host  species  may  actually  increase  virulence  on  the  typical  
host,  leading  to  greater  agricultural  losses.    
  
Chapter  6:    
§   We  found  a  clear  shift  in  bacterial  community  composition  as  a  function  
of  bleeding-­canker  symptom  severity  in  horse  chestnut  trees.  This  
result  was  mirrored  when  we  compared  the  microbiota  of  healthy  tissue  
versus  cankerous  tissue  from  the  same  individuals,  providing  strong  
evidence  for  the  role  of  the  microbiome  in  tree  disease.  
§   As  well  as  changes  in  composition,  we  also  found  a  marked  decrease  
in  alpha  diversity,  with  symptomatic  tissues  harboring  much  lower  
species  richness  than  healthy  sites.    
§   Whilst  we  demonstrate  a  clear  correlation  between  bark-­associated  
microbiota  and  tree  health  but,  crucially,  we  don’t  know  the  direction  of  
such  associations.  An  invading  pathogen  may  “push  out”  other  species,  
in  turn  reducing  diversity,  but  on  the  other  hand  a  less  diverse  bacterial  
community  may  be  more  susceptible  to  a  pathogenic  bacterium,  as  
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typified  by  Clostridium  difficile  infections  in  patients  following  antibiotic  
treatment  (Buffie  and  Pamer,  2013).  
  
Chapter  7:  
§   Our  results  demonstrative  a  significant  negative  correlation  between  
oak  tree  age  and  bacterial  alpha  diversity,  also  finding  that  age  is  a  key  
predictor  of  differences  in  bacterial  community  composition  
§   Comparison  of  the  predicted  metagenomes  indicated  a  high  level  of  
functional  redundancy  despite  no  clear  evidence  of  a  core  microbiome,  
where  the  same  bacterial  species  are  conserved  across  tree  samples,  
at  the  16S  marker  level.  
§   We  find  a  signature  of  dispersal  limitation,  but  no  effect  of  geographic  
distance  on  the  abundances  of  the  most  common  bacterial  taxa  
between  trees.  Together,  these  results  provide  evidence  for  niche-­
based  hypotheses  of  community  assembly.    
  
General  Remarks  
“Bernard  is  right.  The  pathogen  is  nothing.  The  terrain  is  everything.”  
Louis  Pasteur,  1822-­1895.  
In   this   thesis   I   have   sought   to   examine   the   roles   of   microbial   ecology   and  
evolution   on   disease.   Broadly,   I   have   examined   a   number   of   facets   of   the  
environmental  “terrain”  that  pathogenic  bacteria  face  when  infecting  a  host.   I  
use  the  term  loosely  and  have  identified  a  number  of  variables  that  could  alter  
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this   conceptual   terrain.   Firstly,   the   host   in  which   a   pathogen   infects   can   be  
seen   as   the   landscape,   which   varies   based   on   genetics   and   condition.  
Secondly,   the  existing  bacterial   community   can  be  seen  as  a   component  of  
this  landscape  where  bacterial  species  may  compete  for  resources  or  interact  
in   synergy.  Finally,   I   consider   the   role   of   phage  predators   in   this   landscape  
and   the   trade-­offs   bacteria   encounter   between   virulence   and   phage-­
resistance.    
Specifically,  chapter  5   focuses  on   the  way  host  species  shape  adaptation   in  
microbes.   By   starting   with   a   single,   clonal,   population   of  Pst   I   examine   the  
evolution   of   virulence   and   associated   genomic   changes   following   serial  
passage   in   Tomato   and  Arabidopsis   plants.   Chapters   6   and   7   describe   the  
microbial   communities   in   which   pathogens   must   exist.   I   firstly   examine  
differences   in  diversity  and  composition  between  healthy  and  sick   tissues  of  
infected  Horse  Chestnut  trees,  finding  strikingly  different  characteristics  of  the  
bacterial   communities.   I   then   describe   the   decline   in   bacterial   species  
richness   with   host   age   in   English   Oak   tree   communities.   Taken   together,  
these   results   suggest   the   intriguing   possibility   of   age-­related   variation   in  
disease  susceptibility  as  a   function  of  microbiome  composition.   I   investigate  
the  final  component  of  this  terrain  by  studying  the  effects  of  phage  predation  
on   bacterial   populations.  Chapter   3   directly   examines   the   trade-­off   between  
virulence  and  phage-­resistance   in  Pst.  The  main   finding   that   this   trade-­off   is  
context-­dependent  further  underscores  the  role  of  the  environment  in  bacterial  
pathogenicity.    
Understanding  the  terrain  of  a  pathogen  has  led  to  a  new  age  of  antimicrobial  
therapy,   fuelled   by   a   greater   comprehension.   For   example,   so   called  
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Hamiltonian   medicine   seeks   to   disrupt   socially-­regulated   bacterial   virulence  
(Foster,  2005),   faecal   transplants  are  showing  huge  promise  not  solely   from  
pathogen   removal   but   by   replacing   entire  microbial   communities   (Lemon  et  
al.,  2012)  and  phage  therapy  shows  renewed  promise  through  harnessing  the  
power   of  microbial   parasites.   Chapters   2   and   4   focus   on   the   application   of  
phage  therapy  by  firstly  examining  the  risks  of  applying  phage  therapy  agents  
in   the  environment.  A   fundamental  point  of   the   literature   review   in  chapter  2  
was  that,  as  facilitators  of  horizontal  gene  transfer,  we  should  be  wary  of  the  
ability   of   phages   to   shuttle   deleterious   genes   through   an   environment.   I  
investigate   this   directly   in   chapter   4   by   sequencing   four   novel   phages   and  
screening   for   potential   virulence   factors.  With   this   overarching   concept   of   a  
microbial   terrain   in   mind,   I   expand   upon   some   research   highlights   in   the  
following  sections.  
  
The  role  of  the  microbiota  in  shaping  tree  health  
Regarding   the   role   of   the   microbiota   in   tree   health,   comparatively   little   is  
known   about   the   beneficial   effects   of   bacterial   communities   on   trees.   The  
human   microbiome   has   been   well   studied,   and   the   vast   quantity   of   data  
coupled  with  clinical  records  allows  us  to  study  many  correlations.  The  role  of  
the   microbiome   in   other   environments,   including   trees,   is   much   less   well  
understood   and  we   face   a   number   of   challenges   including   the   fact   that   we  
don’t   have  good  baseline  surveys   for   the  majority  of   species.  Moreover,  we  
don’t   know   how   consistent   these   associations   are   through   time.   A   stable  
microbiome  is  required  for  hologenome  theories  of  evolution  and  yet  our  own  
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evidence   suggests   that  whilst   there  may   be   broad   phylogenetic   trends,   this  
varies   by   age   and   location,   making   describing   a   healthy   microbiome  
challenging.   A   further   limitation   is   that   our   methodologies   for   censusing  
bacterial   taxa   (16S   rRNA  gene  sequencing)  do  not  allow  good  phylogenetic  
resolution   at   the   species   level.   This   is   problematic   as   we   know   that   within  
species  genetic  diversity  can  vary  by  as  much  as  60%,with  huge  variation  in  
function  inluding  pathogenicity  (Welch  et  al.,  2002).    
Whilst   predicting   a   metagenome   from   16S   sequences   can   certainly  
outperform  metagenomic  sequencing  at  low  coverage  levels,  longer  sequence  
reads,   better   reference  databases  and  depth   of   coverage  are  what   is   really  
required   to   elucidate  microbial   community   function.  Given   the   rapid   pace   of  
genomic   advances,   these   goals   seem   achievable   in   the   immediate   future.  
Moreover,   once   we   have   established   baseline   communities   we   can   design  
targeted  experiments   to  assess   the  direction  of  many  of   the  correlations  we  
have  observed.    
  
Neutral  vs.  niche  assembly  theories  on  bacterial  community  assembly  
The  role  of  dispersal  in  bacteria  can  be  summarized  with  two  theories:  niche  
assembly   hypotheses   that   state   communities   are   defined   by   the   organisms  
that   are   best   adapted   to   those   conditions   versus   neutral,   or   biogeographic,  
models   that   state   that   organisms   are   constrained   in   their   dispersal   so   a  
community  composition   is  a   result  of  which  organism  can   reach   it.   In   reality  
there   is   likely   to   be   an   intermediate   along   this   spectrum.   In   an   elegant  
experiment   by   Bell   (Bell,   2010)   in   Wytham   Woods,   a   distance   decay  
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relationship   was   observed   in   bacterial   communities,   but   only   over   a   short  
period   of   time.  Our  microbiome   study   in  Wytham   supports   this   by   finding   a  
signature  of  dispersal  limitation  but  not  when  using  abundance  weighted  data.  
Unravelling   the   scales,   spatially   and   temporally,   at   which   bacteria   disperse  
remains   a   crucial   goal   of   microbial   ecology   and   has   broad   relevance   to  
epidemiology.    
  
The  role  of  phage  therapy  in  the  future  
Whilst  the  shift   in  antimicrobial  therapy  encompasses  a  more  holistic  view  of  
the  factors  governing  pathogenicity,  the  current  regulatory  model  has  not  kept  
pace   with   such   developments.   Nowhere   is   this   more   apparent   than   the  
regulatory   hurdles   faced   by   phage   therapy   advocates.   Being   naturally  
occurring   organisms,   phages   have   weak   intellectual   property   rights  
associated   with   their   discovery   and   application.   As   such,   there   is   little  
incentive  for  “big  pharma”  companies  to  develop  a  single,  broad  range  phage-­
cocktail   as   a   reasonable   payback   time   seems   unlikely.   As   pointed   out   by  
Pirnay  and  Verbeken   in  a  series  of  papers  (Pirnay  et  al.,  2011;;  Verbeken  et  
al.,  2012),  phage  therapy  is  well  suited  to  smaller  scale,  cottage-­industry  style  
applications,  where  the  development  of  a  new  phage  cocktail  is  reactive  to  the  
needs  of   the  patient  or  outbreak   (although   isolation  of   infective  phages  may  
be   easier   for   particular   taxa   of   bacteria   (Mattila   et   al.,   2015)).   This   kind   of  
approach   could   be   instrumental   in   treating   bacterial   infections   in   the  
developing   world   where   lab   resources   are   scarce   and   less   well   funded.  
Screening   of   phage   genomes   could   still   be   applied   given   that   the   costs   of  
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sequencing  are  falling  faster  than  Moore’s  law,  and  sequencing  technology  is  
becoming   much   more   portable   (Wang   et   al.,   2015).   Felix   d’Herelle   had  
success   at   treating   cholera   infections   using   very   basic   methodologies;;  
coupled  with  sequencing  technology  such  treatments  could  be  safely  applied  
again.   In   the   future   of   phage   therapy,   these   two   models,   “big   pharma”   vs.  
small-­scale  seem  incompatible.  Either   IP  protection  will  have   to  be  so  broad  
that   it   excludes   any   small-­scale   developers,   or   so   narrow   that   it   is   not  
worthwhile  for  large  pharmaceutical  companies  to  pursue.    
  
Challenges  in  predicting  pathogen  ecology  and  evolution  
The  results  from  chapter  3  suggest  that  the  short-­term  evolutionary  dynamics  
can   differ   between   environments.   The  microbiome   results   presented   in   this  
thesis   suggest   that   the   ecological   context   in   which   a   pathogen   exists   also  
changes.  Taken  together,  however,  we  are  still  unable  to  predict   longer  term  
evolutionary   outcomes   of   phage   therapy.   If   we’ve   learnt   anything   from  
society’s   use   of   biocontrol   agents,   it’s   that   the   evolutionary   outcomes   are  
often   unexpected.   The   often   cited   introduction   of   Myxomatosis   into   the  
Australian   rabbit   population   lead   to   high   mortality,   rapidly   selecting   for  
resistance,   rendering   it   fairly   ineffective   after   just   a   few   years   (Thomas   and  
Willis,   1998;;   Fenner,   1983).   Such   examples  may   also   have   affected   public  
perceptions   of   biocontrols   and   constructive   public   engagement   (Warner,  
2011).   Both   of   these   factors   should   be   kept   in   mind   when   advocating   the  
widespread   use   of   phages   as   biopesticdes.   The   discrepancy   between  
qualitative  results  in  the  cost  of  phage  resistance  may  also  have  resulted  in  a  
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reporting   bias   in   the   literature.   For   example,   it   is   easier   to   experimentally  
demonstrate  an  evolutionary  cost  than  explicitly  state  that  one  does  not  exist  
(at   least   when   using   a   frequentist   approach   (sensu   Popper)).   Our   data  
compound  this  by  finding  that  if  a  cost  does  not  exist  in  the  lab  environment  it  
may  well  do  so   in  a  more  biologically   relevant  setting.  There  may  also  be  a  
publication   bias,   where   significant   results   are   easier   to   publish   than   non-­
significant   findings   (Easterbrook   et   al.   1991).  Whilst   we   identified   a   cost   of  
resistance,   resistance   did   not   evolve   in   the   host   environment   and   therefore  
investment  in  resistance  strategies  was  not  constrained  by  nutrient  limitations.  
Future  work  should  assess  how  likely  these  mutations  are  to  appear  de  novo,  
and  how  rapidly  they  can  be  overcome  by  phages  in  the  real  world.    
  
Concluding  remarks  
Our  work  has  presented  strong  evidence  that  phages  are  likely  to  play  a  major  
role   in   shaping   bacterial   microbial   community   dynamics.   However,   direct  
observations   of   phages   regulating   bacterial   populations   in   natural  
environments  over  longer  timescales  are  few  and  far  between.  Disentangling  
the  roles  of  the  abiotic  environment,  host  genetics,  phage  predation,  dispersal  
and   their   interactions  on  how  microbial  communities  are   formed,  maintained  
and   function   remains   a   vast   challenge.   Yet   studying   these   fundamental  
ecological   and   evolutionary   questions   is   vital   to   tackling  microbial   diseases.  
Fortunately,   genomic   advances   coupled   with   better   understanding   of  
evolutionary  ecology  has  led  to  some  of  the  most  promising  new  antimicrobial  
therapies   including   quorum-­sensing   disruption,   bacteriocin   use   and   phage  
	   166	  
therapy.   In   the   future,   we  may   employ   tactics   like   Hamiltonian  medicine   to  
further  reduce  the  strength  of  selection  on  resistance  traits,  extending  the  life  
of  our  treatments.  Regarding  new  antibiotic  compounds,  what  was  old  is  new  
again,  with   the  resurrection  of  a  1000-­year-­old   treatment   for   infections  being  
highly  effective  against   the  modern  pathogen  MRSA   (Harrison  et  al.,   2015).  
Similarly,  better-­informed  phage  therapy  could  still  yield  important  treatments  
in  the  wake  of  antibiotic  resistance.  
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Appendix  
  
Figure   1.   Assembly   of   FRS   phage   from   Illumina   sequence   data.   The   histogram  
shows   the   depth   of   coverage   based   on  mapping   of   reads   back   to   the   assembled  
contigs.  The  single  contig  with  a  coverage  of  ~  266  X  is  the  phage  genome.  The  inset  
figure   shows   contigs   taken   directly   from   the   SPAdes   assembly   and   plotted   in  
Bandage   (Wick  et  al.,  2015)  based  on  de  Bruijn  graphs.  The  blue  circular  contig   is  
the  phage  genome,  around  40  kb  in  length.  In  both  cases,  contigs  with  a  coverage  of  
less  than  5  have  been  removed.  
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Figure  2.  A  co-­occurrence  network  plotted  in  Cytoscape  based  on  a  bipartite  network  
of  OTUs  and  samples  (both  referred  to  as  “nodes”).  Each  OTU  was  connected  (with  
an   “edge”)   to   a   particular   sample  when   the  OTU  was   present   in   that   sample.   The  
number   of   edges   connecting   two   nodes   also   determines   the   distance   between  
nodes,  with  greater  shared  edges  placing  nodes  closer  together.    
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